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West Africa is a region in fast transition from climate, demography, and land use 
perspectives. In this context, the African Monsoon Multidisciplinary Analysis 
(AMMA)–Couplage de l’Atmosphère Tropicale et du Cycle eco-Hydrologique 
(CATCH) long-term regional observatory was developed to monitor the 
impacts of global change on the critical zone of West Africa and to better 
understand its current and future dynamics. The observatory is organized into 
three thematic axes, which drive the observation and instrumentation strat-
egy: (i) analyze the long-term evolution of eco-hydrosystems from a regional 
perspective; (ii) better understand critical zone processes and their variabil-
ity; and (iii) meet socioeconomic and development needs. To achieve these 
goals, the observatory has gathered data since 1990 from four densely instru-
mented mesoscale sites (?104 km2 each), located at different latitudes (Benin, 
Niger, Mali, and Senegal) so as to sample the sharp eco-climatic gradient that is 
characteristic of the region. Simultaneous monitoring of the vegetation cover 
and of various components of the water balance at these four sites has pro-
vided new insights into the seemingly paradoxical eco-hydrological changes 
observed in the Sahel during the last decades: groundwater recharge and/or 
runoff intensification despite rainfall deficit and subsequent re-greening with 
still increasing runoff. Hydrological processes and the role of certain key land-
scape features are highlighted, as well as the importance of an appropriate 
description of soil and subsoil characteristics. Applications of these scientific 
results for sustainable development issues are proposed. Finally, detecting and 
attributing eco-hydrological changes and identifying possible regime shifts in 
the hydrologic cycle are the next challenges that need to be faced.
Abbreviations: ALMIP, AMMA Land Surface Model Intercomparison Project; AMMA, African Monsoon 
Multidisciplinary Analysis; AMMA-CATCH, AMMA-Couplage de l’Atmosphère Tropicale et du Cycle 
eco-Hydrologique (Coupling the Tropical Atmosphere and the Eco-Hydrological Cycle); Cal/Val, cali-
bration/validation; ERT, electrical resistivity tomography; HAPEX-Sahel, Hydrologic Atmospheric Pilot 
Experiment in the Sahel; IDF, intensity–duration–frequency; MRS, magnetic resonance sounding.
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Core Ideas
•	 AMMA-CATCH is a long-term critical zone observatory in West Africa.
•	 Four sites sample the sharp ecoclimatic gradient characteristic of this region.
•	 Combined measurements of meteorology, water, and vegetation dynamics began in 1990.
•	 Intensification of rainfall and hydrological cycles is observed.
•	 The strong overall re-greening may hide contrasted changes.
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West Africa is a hot spot of global change in all its compo-
nents, with drastic consequences for the equilibrium of the critical 
zone. The critical zone extends between the rocks and the lower 
atmosphere—it is “critical” for life that develops there. On the one 
hand, regional warming has reached 1.5°C (IPCC, 2014), almost 
the double the global average. On the other hand, West Africa 
is home to 5% of the world’s population, reaching 372 million 
inhabitants in 2017 (UN Department of Economic and Social 
Affairs, 2017). Its fivefold increase since 1950, when 73 million 
people lived in the region, makes the West African population the 
fastest growing worldwide. As a direct consequence, the increase 
rate of cultivated areas is also the highest for the whole of Africa, 
from a 22% coverage of the landscape in 1975 to 42% in 2000 (Eva 
et al., 2006), with considerable associated deforestation and land 
degradation. Prospect for the decades to come is a continuation—if 
not a reinforcement—of this sharp transitional phase, with a popu-
lation that may double by 2050 (UN Department of Economic and 
Social Affairs, 2017) and a further temperature increase of 1.5 to 
2°C, both figures corresponding to median scenarios. This would 
mean a total increase of roughly 3°C and a 10-fold multiplication 
of the population during the period 1950 to 2050. In such a con-
text, the critical zone is more under threat here than anywhere 
else on the planet.
However, there is considerable uncertainty regarding the 
exact trajectory of this transition, since both climatic (e.g., Bony 
et al., 2013) and demographic (e.g., Bello-Schünemann, 2017) 
scenarios may deviate from a linear extrapolation of current ten-
dencies in the presence of tipping elements. In their seminal study, 
Lenton et al. (2008) identified West Africa as a region where 
ongoing perturbations could qualitatively alter the future fate of 
the system, especially because the land–atmosphere coupling is 
extremely strong (Koster et al., 2004; Wolters et al., 2010; Taylor 
et al., 2011; Maurer et al., 2015; Mande et al., 2015): land degrada-
tion, as it affects soil moisture and vegetation, may feed back on 
rainfall occurrence and intensity, generating further land changes. 
Furthermore, the atmospheric circulation of the intertropical band 
is at the heart of the redistribution of energy and atmospheric 
water at the global scale; a change in its functioning will probably 
have an impact on the circulation and climate of the extratropi-
cal zones (Hu and Fu, 2007; Seidel et al., 2008; Bony et al., 2013; 
Voigt and Shaw, 2015).
The water cycle plays a major role in this coupling, and the 
Hydrologic Atmospheric Pilot Experiment in the Sahel (HAPEX-
Sahel) experiment (Goutorbe et al., 1997) was conceived at the 
end of the 1980s precisely in order to provide data for a better 
understanding of the mechanisms at work. The AMMA-CATCH 
observing system (Lebel et al., 2009) was then set up after the 
HAPEX-Sahel experiment in order to provide the long-term obser-
vations needed to document rainfall pattern changes, hydrological 
regime modifications, and land use and land cover changes. This 
unique set of observations has allowed the unraveling of some 
major characteristics of the transformations accompanying the 
ongoing transition, such as rainfall intensification (Panthou et al., 
2018), the aquifer rising in a context of rainfall deficit (the so-
called Sahelian paradox; Leduc et al., 2001) or the modification 
of the partitioning between sensible heat fluxes and latent heat 
fluxes (Guichard et al., 2009), not to mention many other results 
presented below.
Over the years, AMMA-CATCH has grown from a rainfall 
observatory to a holistic observing system, documenting most 
of the continental water cycle at high frequency thanks to the 
momentum gained from the setup of the AMMA program in 
2002 (Redelsperger et al., 2006; Lebel et al., 2011). We start here 
by summarizing the motivations for maintaining such a complex 
observing system and by describing the main eco-climatic charac-
teristics of the sites instrumented in AMMA-CATCH. We then 
detail the long-term observation strategy, some specific campaigns 
embedded in the AMMA-CATCH framework, and data man-
agement. Some new findings obtained from the Observatory are 
presented, and we conclude with the perspectives for the future.
 6Motivation and Science Questions
Despite the knowledge gained during the first phase of 
AMMA-CATCH and the growing awareness of the fragility 
of West African societies in the context of global change (see 
the recent World Bank report on climate migrations, Rigaud 
et al., 2018), West Africa is still badly lacking adequate in situ 
measurements at the appropriate scales to document the ongoing 
environmental changes and to grasp possible indications of tip-
ping trajectories. The challenge is all the more difficult because the 
actual trajectories will depend not only on natural factors but also 
on future policy choices, most notably those chosen for agricul-
tural intensification (Lambin et al., 2014; Rockström et al., 2017). 
Moreover, considerable uncertainties in future simulations by cli-
mate models remain, particularly concerning the water cycle and 
precipitation. These uncertainties are higher in the intertropical 
zone, considered as one of the hotspots of climate research (Toreti 
et al., 2013; IPCC, 2014). Maintaining good quality observations 
across this region is thus a responsibility that falls on the shoulders 
of the research community, and this is the central motivation for 
the continued commitment of AMMA-CATCH in providing 
good quality data to the academic world and to the socioeconomic 
actors altogether.
AMMA-CATCH has three main goals: (i) provide appropri-
ate data for studying the impacts of global change on the West 
African critical zone; (ii) unite a large community of researchers 
from different countries and disciplinary backgrounds to analyze 
these data with the aim of better understanding the dynamics of 
the system across a range of scales and to detect significant changes 
in its key components; and (iii) disseminate data and associated 
results outside of the academic community. The observatory is 
consequently organized into three thematic axes that drive the 
observation and instrumentation strategy, namely: (i) analyze the 
long-term evolution of the eco-hydro-systems within a regional 
framework; (ii) better understand the critical zone processes and 
their variability; and (iii) link with decision makers and end users, 
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so that the knowledge gained from the AMMA-CATCH data can 
be used to meet the socioeconomic and development needs based 
on proper mastering of environmental conditions.
This involves a systemic approach that AMMA-CATCH is 
sharing with the critical zone community, and it is thus part of the 
French network of critical zone observatories (Observatoires de la 
Zone Critique Application et Recherche or OZCAR) (Gaillardet 
et al., 2018) and of the international Critical Zone Exploration 
Network (Brantley et al., 2017).
 6Site Characteristics
West Africa is characterized by a latitudinal climatic gradi-
ent that induces a gradient of vegetation. In the southern part, 
the coast of the well-watered Gulf of Guinea is covered with 
dense vegetation; rainfall gradually decreases from south to 
north, until the limit of the Sahara, which is arid and covered 
by scattered vegetation. The AMMA-CATCH observatory 
gathers data from four densely instrumented mesoscale sites 
(with surface areas ranging between 14,000 and 30,000 km2) 
located at different latitudes to sample the regional eco-climatic 
gradient. We use the term mesosite to refer to these mesoscale 
sites. From south to north we find (i) the Sudanian site (Benin) 
where rainfall is ?1200 mm yr−1, (ii) the cultivated Sahelian site 
(Niger) with ?500 mm of annual rainfall, and (iii) the pastoral 
Sahel site distributed in two locations (Mali and Senegal) with 
an average annual rainfall of ?300 to 400 mm. Thus annual 
rainfall is roughly divided by a factor of two when shifting from 
one site to the next along a south to north axis.
The Sudanian Site (Benin)
The southernmost site of the observatory lies in the center of 
Benin (1.5–2.5° E, 9–10° N, Fig. 1) and coincides with the upper 
watershed of the Ouémé River (14,000 km2), which flows south-
ward to the Atlantic Ocean. It is located in the Sudanian climate 
regime, with an average rainfall of about 1200 mm yr−1 falling in 
a single rainy season extending from April to October and with a 
mean annual temperature of ?25°C. Mean potential evapotrans-
piration is ?1500 mm yr−1.
Fig. 1. AMMA-CATCH Observatory sites in the pastoral Sahel (Mali, Senegal), cultivated Sahel (Niger), and Sudanian climate (Benin). Photos by E. 
Mougin (Mali), G. Favreau (Niger), and S. Galle (Benin).
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The geology of the area is metamorphic and crystalline 
rocks of various types, with predominantly schist and gneiss in 
the western and central parts of the site and granitic rocks in 
the east (Office Béninois des Mines, 1984). The weathered hard 
rock substratum constitutes a heterogeneous groundwater reser-
voir, conceptually described as a two-layer system, in which the 
unconsolidated, 15- to 20-m-thick saprolite top layer overlies the 
fissured bottom layer, with a smooth transition between the two 
(Vouillamoz et al., 2015). The tropical, ferruginous soils are mainly 
classified as Ferric Acrisols with frequent hard-pan outcropping 
(Faure and Volkoff, 1998).
The topography of the area is gently undulating, with eleva-
tions ranging from 630 to 225 m asl, and a general slope to the 
southeast. The landscape is a mixture of forest clumps, wood-
lands (as described by White, 1983), and rainfed crops including 
maize (Zea mays L.), sorghum [Sorghum bicolor (L.) Moench.], 
yam (Dioscorea alata L.), and cassava (Manihot esculenta Crantz). 
Except for the town of Djougou (northwest of the basin, with 
268,000 inhabitants in 2013), the socioeconomic activity is pri-
marily rural, based on rainfed crops and herding. The population 
density is 48 inhabitants km−2 (Institut National de la Statistique 
et de l’Analyse Economique du Bénin, 2013).
River flow starts 1 to 2 mo after the first rain events, near the end 
of June, and stops between October and January depending on the 
watershed area. During the flowing period, river discharge is made 
of a slow component (base flow) and rapid components following 
rainfall events. Contrary to the two other sites, surface runoff is rarely 
observed and river base flow mainly originates from the discharge of 
seasonal, perched, shallow water tables. The permanent water table, 
lying 5 to 15 m below the ground surface in the saprolite, exhibits an 
annual recharge–discharge cycle. It is recharged by infiltration during 
the rainy season, and transpiration by deep-rooted trees is currently 
considered the main driver of groundwater discharge (Séguis et al., 
2011; Richard et al., 2013; Getirana et al., 2017). In the absence of 
large-scale irrigation, water extraction for human domestic needs is 
negligible in groundwater dynamics (Vouillamoz et al., 2015).
The observational setup was built in 1996 on an existing 
network of six stream gauges, managed by the national water 
authority, and surveying the Upper Ouémé River since 1952 (Le 
Barbé et al., 1993). The long-term observation network has now 
been reinforced and completed for a comprehensive water cycle 
documentation (see below). Since 2015, most of the stream gauge 
stations are equipped with tele-transmission in order to contrib-
ute to the early flood warning system. Tele-transmission has been 
extended to soil moisture and meteorological data for real-time 
monitoring and optimization of operation costs.
The Sahelian Site (Niger)
The ?20,000-km2 central Sahelian mesosite (roughly 1.6–3° E, 
13–14° N) is located in the southwest of the Republic of Niger. It 
includes the capital city of Niamey (?1.3 million inhabitants in 
2017), close to the Niger River (Fig. 1). The area has a typical semi-
arid tropical climate, with a long dry season (October–May) and a 
single wet season, from June to September and peaking in August. 
The mean annual temperature over 1950 to 2010 at Niamey Airport 
was 29.2°C, with an increase of approximately 1°C during the 
six-decade period (Leauthaud et al., 2017). Daily maximum tempera-
tures are between 40 to 45°C from mid-March to mid-June. Mean 
potential evapotranspiration is ?2500 mm yr−1. The mean post-
drought annual rainfall (1990–2007) is 520 mm in Niamey, still 
below the long-term (1905–2003) average of 560 mm yr−1. Annual 
rainfall is typically produced by 15 to 20 “squall lines” (Mathon et 
al., 2002), and many smaller mesoscale convective systems, with very 
large space–time event variability.
The landscape consists of scattered, flat lateritic plateaus sepa-
rated by large sandy valleys, with a relief of <100 m (elevations in 
the range of 177 to 274 m asl) and gentle slopes of a few percent at 
most. The largest fraction of the mesosite, to the north and east 
of the Niger River, belongs to the large Iullemmeden sedimen-
tary basin. It is characterized by endorheic hydrology, with small 
catchments feeding depressions or ponds scattered along ancient 
river beds. The top sedimentary layer is the continental terminal 
aquifer, partly covered with aeolian deposits in the northern part 
of the area in particular. The water table depth varies spatially from 
>70 m below the plateaus to <5 m very locally, with increasing 
outcropping in some valleys, resulting in localized soil salinization 
processes. In contrast, the right bank of the Niger River at the 
southwest of the mesosite belongs to the plutonic Liptako Gourma 
massif and is exorheic, draining to the Niger River.
Soils are essentially sandy and weakly structured, ferruginous, 
and poor in organic matter (0.5–3%), with little fertility. They are 
highly prone to rain-induced surface crusting and to water and wind 
erosion. The woody savannah landscape of the mid-20th century has 
now turned into a patchwork of rainfed millet [Pennisetum glaucum 
(L.) R. Br.] and fallow fields of shrubby savannah, alternating in 
an agropastoral rotation system. More or less degraded tiger bush, 
a banded contracted vegetation typical of the arid zones (Valentin 
and d’Herbès, 1999; Galle et al., 2001), subsists on plateau areas. 
Population density, which reached ?30 inhabitants km−2 at the 
turn of the century, is increasing at rates close to 3% yr−1.
The first field observations at the Niger site date back to 
1988, with the SEBEX (Sahelian Energy Balance Experiment) and 
EPSAT (Estimation of Precipitation by Satellite) experiments. The 
landmark HAPEX-Sahel experiment was conducted at this site in 
1992 (Goutorbe et al., 1997), and basic long-term agro-ecological 
and hydrological observations were subsequently made perennial. 
Intensive instrumentation of small pilot catchments was deployed 
as of 2004, during the AMMA international program (Lebel et 
al., 2011). The observing system deployed at different nested scales 
across the Niger site is presented below and is further detailed, 
together with the site characteristics, in Cappelaere et al. (2009).
The Pastoral Sahelian Sites (Mali and Senegal)
The Mali Site
The northernmost AMMA-CATCH site is located in 
northeast Mali, in the Gourma pastoral region, which stretches 
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from the loop of the Niger River southward down to the 
border region with Burkina Faso (30,000 km2, Fig. 1). It is a 
scarcely populated area, with a population density of fewer than 
7 inhabitants km−2 (Direction Nationale de la Statistique et de 
l’Informatique, 2009).
The climate is warm, tropical, semiarid, with a unimodal 
precipitation regime. The rainy season extends from mid-June to 
mid-September and is followed by a long dry season. The long-term 
annual mean rainfall is 370 mm at Hombori, and the mean annual 
temperature is 30.2°C. The main vegetation types are tree savan-
nah on deep sandy soils, open forest on clayed soils in depressions, 
and scattered trees on erosion surfaces, covering respectively 56, 
12, and 30% of the area. Crops, mainly millet, installed on sandy 
soils represent only 2.4% of the Gourma supersite (Nguyen, 2015).
The landscape consists of an alternation of fixed sand dunes 
(endorheic system) and shallow soils (erosion surfaces) associated 
with rock and iron pan outcrops, and lowland fine-textured soils. 
On the sandy soils, the endorheic system operates at short distances 
(some tens of meters), with limited sheet runoff from dune slopes 
to inter-dune depressions. On the shallow soils associated with 
rock and iron pan outcrops and on lowland fine-textured soils, 
the endorheic system operates over much larger distances (some 
kilometers), with concentrated runoff feeding a structured web of 
rills ending in one or several interconnected ponds (Gardelle et al., 
2010; Gal et al., 2016).
Prior to the AMMA-CATCH monitoring, 37 vegeta-
tion sites were studied for 10 yr between 1984 and 1993 by the 
International Livestock Centre for Africa (ILCA) and the Institut 
d’Economie Rurale (IER). Starting in 2000, the monitoring was 
progressively intensified under the AMMA project (Hiernaux et 
al., 2009b; Mougin et al., 2009). During the AMMA experiment 
(2005–2010), the Gourma site extended also in the Haoussa region, 
to the north of the Niger River (Mougin et al., 2009).
Since 2011, due to persistent security problems, the monitored 
sites have been restricted within the 50- by 50-km AMMA-
CATCH supersite at the vicinity of Hombori (15.3° N, 1.5° W). 
Besides this, some equipment has been reinstalled in Senegal, a 
pastoral area with similar eco-climatic conditions.
The Senegal Site
The Ferlo region in Senegal extends to the north up to the 
Senegal River. The climate is typical of the Sahelian area, with 
a mean temperature at the Dahra site of 29°C, peaking in May, 
and a mean annual precipitation of ?420 mm. The rainy season 
is mainly concentrated within three months (July–September), 
during which herbaceous vegetation growth occurs. Vegetation, 
like in the Gourma region, is dominated by annual grasses with 
a tree cover of about 3%. Most water bodies in the Ferlo are 
temporary, except for a few permanent ponds (Soti et al., 2010; 
Guilloteau et al., 2014).
Soil moisture, precipitation, and dry herbaceous mass are 
monitored at two sites in the Ferlo region (Kergoat et al., 2015), 
extending the instrumentation set up since 2002 by the University 
of Copenhagen, the Karlsruhe Technical Institute, and Lund 
University, in collaboration with the University Cheikh Anta Diop 
and the Institut Sénégalais de Recherche Agronomique (Dakar) at 
the Dahra local site (Fensholt et al., 2004; Tagesson et al., 2016a).
 6Long-Term Observations and Strategy
Long-term measurements began in 1990 with a different his-
tory for the three sites. In 2004, during the AMMA international 
experiment (Redelsperger et al., 2006), the long-term network was 
homogenized on three sites (Mali, Niger, and Benin) and rein-
forced (Lebel et al., 2011). It served as the ground component of 
the AMMA international experiment.
On all four sites, the observation strategy is based on a multi-
scale approach, associating (i) a mesoscale site (typically 104 km2) 
to document the long-term water and energy cycles (Fig. 1, red 
outline); (ii) a so-called “supersite” (typically 10–100 km2) dedi-
cated to process studies at intraseasonal to interannual time scales 
on an integrating hydrological domain (Fig. 1, blue outline); and 
(iii) local sites (typically 1 km2) dedicated to the fine documenta-
tion of the components of the water and energy cycles and the 
vegetation dynamics. The mesoscale sites make the link with the 
regional scale. Nested sensor networks, with decreasing resolution 
with domain size, allow linking processes across scales.
This nested approach is illustrated for the Benin Sudanian site 
(Fig. 2). The mesoscale Benin site (Fig. 2a) gathers 16 stream gauge 
stations, 35 rain gauges, and 12 wells or boreholes monitoring the 
dynamics of the water table. The Donga supersite, an ?600-km2 
sub-basin of the Upper Ouémé (Fig. 2b), includes denser rain gauge, 
piezometer, and stream gauge sub-networks. Within the Donga 
basin, three local sites have been instrumented. They are represen-
tative of the three main land use and land cover types encountered 
in the area, which are marked by an increase in the woody layer: 
(i) cultivated areas, which include fallow and crops with isolated 
trees (Fig. 2c); (ii) wooded savannah; and (iii) woodland. Each of 
these three local sites includes the monitoring of: meteorological 
variables with a radiative budget; turbulent fluxes at eddy covari-
ance flux towers; vegetation dynamics (leaf area index and height); 
0- to 1-m soil moisture, temperature, and suction profiles located at 
the top, middle, and bottom of a hillslope transect (700–1000 m 
long); and permanent and perched water table depths along the 
hillslope, using piezometers at different depths. A similar nested 
approach is being deployed at the Niger and Mali sites (Cappelaere 
et al., 2009; Mougin et al., 2009, respectively).
Besides the common setup illustrated above, supplemental 
instruments or networks have been installed at each mesosite 
depending on its eco-hydrological context. In Benin, an elemen-
tary watershed (0.15 km2) has been monitored to understand 
the origin of river flow (Fig. 2c). A supra-conducting gravimeter 
monitors local variations in the total water column and makes the 
link with the larger scales (Hinderer et al., 2012). In Niger, the 
?2-km2 Wankama endorheic catchment gathers surface flux sta-
tions, soil moisture profiles, vegetation plots, stream gauges, pond 
limnimetry, and an associated piezometry transect to capture the 
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water cycle from point to catchment scales. In Mali, the Agoufou 
pond (250-km2 watershed) water level, turbidity, and suspended 
sediments are monitored to study the dynamics of surface water.
Seven categories of variables are monitored with coordinated 
protocols and identical sensors on the four sites: meteorology, 
surface water, groundwater, soil, surface–atmosphere f luxes, 
vegetation, and water quality. The measured variables in each 
of the seven categories as well as the measurement periods are 
shown in Table 1. In 2018, a total of 290 stations (including 850 
sensors) are in operation in the four countries (Table 1). The 
stations are grouped into 42 “instruments.” An instrument aims 
to answer a scientific question and focuses on a specific spatial 
and temporal scale. It may be either a group of identical sensors 
organized in a network (e.g., a rain gauge–stream gauge network) 
or a set of complementary sensors located in the same place (e.g., 
a surface flux station composed of a flux tower with radiative 
budget and soil heat flux). Each instrument is under the scientific 
responsibility of one or two principal investigators. An instru-
ment corresponds to a dataset in the observatory database and 
is identified by a doi. Currently 26 instruments are in operation, 
12 are stopped because they correspond to objectives that have 
been achieved (characterization or process studies), and four are 
suspended for security reasons in Mali. At least one instrument 
in each category of measurement is present in each eco-climatic 
subregion (Table 1). This observation system has continuously 
generated a coherent dataset for the last 25 yr.
 6Dedicated Campaigns 
and Experiments
Besides the long-term observation system, specific field 
campaigns are organized to (i) document the critical zone 
architecture, such as the geometry but also the hydrodynamic 
properties of the groundwater reservoirs and soil layers, (ii) study 
fine processes, such as the paths of water transfers between sur-
face and groundwater, and (iii) calibration/validation (Cal/Val) 
of satellite missions, remote sensing being a key additional data 
source for our large mesosites and for upscaling to the data-poor 
region. These campaigns allow, in particular, better characteriza-
tion of processes and inputs to modeling approaches across the 
AMMA-CATCH sites.
Documenting the Critical Zone Architecture
Superficial soil properties have been characterized using ten-
sion infiltrometers at the Niger and Benin sites (Vandervaere et al., 
1997; Richard et al., 2013; Malam Abdou et al., 2015). Particularly, 
the time evolution of surface conductivity in cultivated or fallow 
areas has been shown to play a key role in Sahelian runoff genera-
tion processes (Malam Abdou et al., 2015; see below).
Aquifer geometries, specific yield, and permeabilities are 
not readily known in sedimentary and hard-rock regions of 
West Africa but are nevertheless key parameters for the mod-
eling and use of groundwater resources (Vouillamoz et al., 
2015). Geophysical techniques provide useful tools to spatialize 
Fig. 2. Illustration of the multiscale experimental setup of the Sudanian site 
(Benin): (a) the Upper Ouémé mesoscale site; (b) a close-up of the Donga 
watershed supersite; and (c) the crop–fallow local site. Note that the Upper 
Ouémé mesoscale site contains two other local sites on two other types of 
land use characteristic of the region (woodland and wooded savannah).
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geophysical parameters linked with aquifer properties. Electrical 
resistivity tomography (ERT), magnetic resonance sounding 
(MRS), and time-lapse gravity monitoring were implemented in 
the Niger and Benin sites of AMMA-CATCH in order to test 
their efficiency and characterize aquifer parameters.
The ERT technique provides two-dimensional electrical resis-
tivity cross-sections. This is suitable to characterize the aquifer 
and unsaturated zone two-dimensional geometry, especially in 
the case of highly heterogeneous sedimentary layers (Massuel et 
al., 2006) or hard rock areas (Alle et al., 2018). In hard rock, from 
place to place, the aquifer system can deepen within preexisting 
discontinuities such as geological faults or tectonic fractures called 
“subvertical fractures” (Fig. 3a, after Alle et al., 2018). Landscapes 
showing such high spatial variability of the substrate are difficult 
to characterize by traditional methods.
The MRS results (i.e., the MRS water content and MRS 
pore-size parameters) have been found to be well correlated with 
both specific yield and permeability or transmissivity calculated 
from long-duration pumping tests (e.g., Fig. 3b; Vouillamoz et al., 
2014). Magnetic resonance sounding allowed estimation of the 
specific yield and the transmissivity in hard rock aquifers in Benin 
(Vouillamoz et al., 2014; Legchenko et al., 2016) and in the uncon-
fined sandstone aquifers of the Niger site (Vouillamoz et al., 2008; 
Boucher et al., 2009). Specific yield (Sy) and transmissivities (T) 
are higher in Niger (Sy: 5-23%; T: 2 ´ 10−4–2 ´ 10−2 m2 s−1) 
than in Benin (Sy: 1–8%; T: 2 ´ 10−5–4 ´ 10−4 m2 s−1). Time-
lapse gravimetry surveys were also used for evaluating the specific 
yield (Hinderer et al., 2009; Pfeffer et al., 2011; Hector et al. 
2013). These results are in accordance with MRS water content 
and pumping-test-derived specific yield.
Exploring Critical Zone Processes
To detect specific hydrological processes such as water 
transfers between surface and groundwater, the origin of the 
river discharge, or land–atmosphere exchanges, hydrogeophysi-
cal and/or geochemical campaigns have been set up on each site, 
addressing their specific scientific questions.
In hard-rock aquifers in Benin, the groundwater recharge has 
been investigated. For 3 yr, the major as well as trace elements and 
stable isotopes of water were sampled in the surface and under-
ground waters of the Donga basin (600 km2). Their analysis shows 
that groundwater recharge occurs by direct infiltration of rainfall 
and accounts for 5 to 24% of the annual rainfall (Kamagaté et al., 
2007). An ERT time-lapse survey during the hydrological season 
confirmed a direct recharge process but also a complicated behav-
ior of groundwater dilution as well as the role of hardpans for fast 
infiltration (Wubda et al., 2017).
The origin of the flows of the Donga basin (600 km2, Benin) 
was investigated using geochemical campaigns and gravimetry. 
Geochemical campaigns have shown that the seasonal perched 
groundwaters are the major contributors to seasonal stream 
flow while the permanent groundwater in the saprolite almost 
never drains to rivers (Séguis et al., 2011). Episodic contribution 
of permanent water was revealed using gravity measurements: 
locally, deep-seated (>2 m deep) clayey areas exhibit lower sea-
sonal water storage changes than elsewhere, suggesting favored 
lateral transfers above the clay units. This observation contrib-
uted to evidence of the higher contribution of such clayey areas to 
the total streamflow (Hector et al., 2015). For the larger Ouémé 
basin (12,000 km2), the electrical conductivity of the base ñow 
was <70 mS cm−1 until the river dried up. Because this electri-
cal conductivity is far below that of the permanent groundwater 
(150–400 mS cm−1), a contribution of more mineralized perma-
nent groundwater has to be ruled out.
On the Sahelian sites, rainfall, surface water, and groundwater 
isotopic sampling (18O, 2H, and/or 3H, 14C, and 13C) was per-
formed to characterize the relationship between surface water and 
groundwater recharge on about 3500 km2 of the Niger site (Taupin 
et al., 2002; Favreau et al., 2002) and in wells around the Mali 
Hombori supersite (Lambs et al., 2017). On the Niger site, it has 
been found that land clearing increased groundwater recharge by 
about one order of magnitude (Favreau et al., 2002, 2009). Using 
MRS, localized recharge beneath expanding valley ponds was evi-
denced as a key process. Through a combination of vadose zone 
Table 1. Measurement categories, measured variables, and number of stations monitored at each of the four AMMA-CATCH observation sites. 
Category Measured variables
No. of monitored stations and operating period
Benin site Niger site Mali site Senegal site
Meteorology rainfall 43 (1999– )† 55 (1990– ) 2–36 (2003– ) 2 (2013– )
wind, atmospheric pressure, humidity, radiative budget 2 (2002– ) 2 (2005– ) 3 (2005–2011) 1 (2018– )
Surface water runoff, pond level 15 (1996– ) 7 (2003– ) 1 (2011– ) –
Groundwater water level in piezometers + domestic wells 20 + 28 (1999– ) 20 + 57 (2003– ) – –
Soil soil moisture, soil suction, soil temperature 9 (2005– ) 10 (2004– ) 12 (2004–2011) 2 (2013– )
Surface fluxes latent and sensible heat, soil heat flux 3 (2005– ) 2 (2005– ) 3 (2005–2011) 1 (2018– )
Vegetation biomass, leaf area index, plant area index, sap flow 3 (2010– ) 2 (2005– ) 3 (2005– ) –
Water quality turbidity, physico-chemical parameters, major and trace ions 20 (2002–2006) – 1 (2014– ) –
† The operating period available in the database is indicated in parentheses (ending date is blank if ongoing).
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geophysical and geochemical surveys and of surface and subsur-
face hydrological monitoring, substantial deep infiltration was 
also shown to occur below sandy alluvial fans and channels on the 
hillslope, contributing to the recent groundwater recharge increase 
(Massuel et al., 2006; Descroix et al., 2012b; Pfeffer et al., 2013).
In the Senegal Ferlo, campaigns on soil biogeochemical anal-
ysis and surface atmosphere exchanges of nitrogen compounds 
showed that changes in water availability in semiarid regions have 
important nonlinear impacts on the biogeochemical nitrogen cycle 
(Delon et al., 2017).
Upscaling of turbulent f luxes from single ecosystem plots 
to mosaics of ecosystems at the landscape scale was unraveled by 
complementing the permanent eddy covariance stations with large-
aperture scintillometry campaigns in both the Sahelian (Ezzahar et 
al., 2009) and Sudanian (Guyot et al., 2009, 2012) settings.
Providing In Situ Datasets for 
Calibration/Validation of Satellite Missions
Satellite missions require in situ measurements to calibrate and 
validate their products for various climates and continents. The 
AMMA-CATCH observatory provides a unique opportunity for 
the so-called Cal/Val activities in Sahelian and Sudanian climates. 
Indeed, the AMMA-CATCH sites are often the only Cal/Val sites 
in West Africa. To match the requirement of Cal/Val activities, the 
setup of some in situ sensors has been specially designed or rein-
forced (Kergoat et al., 2011).
Several studies have used the AMMA-CATCH rain gauge 
networks to evaluate satellite rainfall products. The network den-
sity across these sites (especially the Niger and Benin sites with 
about 40 gauges within a 1 by 1° area) is unique in Africa and even 
in the tropics. It provides an unprecedented opportunity to ana-
lyze the ability of satellites to detect and quantify rainfall within 
tropical convective systems. Within the Megha-Tropiques mis-
sion ground validation program (Roca et al., 2015), Kirstetter et 
al. (2013) evaluated instant rainfall retrievals based on the BRAIN 
algorithm (Viltard et al., 2006), evidencing failure to detect the 
lightest rains. Guilloteau et al. (2016) demonstrated the ability 
of several high-resolution satellite rainfall products to reproduce 
the diurnal cycle of precipitation. Gosset et al. (2018) confirm 
the good performance of the Global Precipitation Measurement 
(GPM) era products in West Africa and the key role of the addi-
tional sampling provided by the Megha-Tropiques satellite.
The Soil Moisture and Ocean Salinity (SMOS) mission soil 
moisture Level 3 product (SMOS-L3SM) was evaluated through 
comparison with ground-based soil moisture measurements acquired 
in Mali, Niger, and Benin from 2010 to 2012 (Louvet et al., 2015). 
It was found that, across the three sites, the SMOS-L3SM product 
provided good coefficients of correlation (0.70–0.77), with a RMSE 
<0.033 m3 m−3 in Niger and Mali. However, the RMSE score for 
the Benin site was larger (0.076 m3 m−3), mainly due to the pres-
ence of a denser vegetation cover (Louvet et al., 2015). More recent 
sensors such as Soil Moisture Active Passive (SMAP, launched in 
2015) products were controlled close to their expected performance 
thanks to a network of 34 sites, including the AMMA-CATCH 
sites (Colliander et al., 2017). The effort to compare SMAP soil 
moisture products will continue beyond the intensive Cal/Val phase.
The AMMA-CATCH sites have also contributed to the vali-
dation of vegetation products like the leaf area index provided by 
the VEGETATION instrument and by the Moderate Resolution 
Imaging Spectroradiometer (MODIS) sensor in the pastoral Sahel 
(Morisette et al., 2006; Camacho et al., 2013; Mougin et al., 2014), 
as well as MODIS gross primary production (Sjöström et al., 2013).
In the near future, AMMA-CATCH will contribute to the 
Cal/Val of other missions, such as the Ecosystem Spaceborne 
Fig. 3. (a) Hydrogeological model of weathered hard rock (after Alle et al., 2018), with higher hydraulic conductivities found in the stratiform fractured 
layer and in the subvertical fractured zones (area between the red dashes); (b) comparison of the transmissivity (T) estimated from magnetic resonance 
sounding (MRS) and calculated from a pumping test in hard rock in Benin (after Vouillamoz et al., 2014).
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Thermal Radiometer Experiment on Space Station (ECOSTRESS) 
mission (plant response to water stress), to be launched by NASA 
in 2018 (Cawse-Nicholson et al., 2017), and the Surface Water 
Ocean Topography (SWOT) mission (Biancamaria et al., 2016), 
aimed at estimating water volumes and discharge over terrestrial 
water bodies and rivers.
Beyond participation in Cal/Val phases of specific satellite 
missions and products, AMMA-CATCH in situ measurements 
are intensively used for the development and evaluation of new 
satellite-based methods for the estimation of surface fluxes and 
evapotranspiration (Ridler et al., 2012; Marshall et al., 2013; 
García et al., 2013), soil moisture by passive and active micro-
wave sensors or space altimeter (Pellarin et al., 2009; Gruhier 
et al., 2010; Baup et al., 2011; Fatras et al., 2012), soil heat flux 
(Verhoef et al., 2012; Tanguy et al., 2012), gross primary produc-
tion (Sjöström et al., 2011; Tagesson et al., 2017; Abdi et al., 2017), 
leaf area index and aboveground biomass (Mangiarotti et al., 2008), 
dry-season vegetation mass (Kergoat et al., 2015), suspended sedi-
ments in ponds and lakes (Robert et al., 2017), and soil moisture 
assimilation to improve rainfall estimates (Pellarin et al., 2008, 
2013; Román-Cascón et al., 2017).
 6Data Management and Policy
AMMA-CATCH is the result of long-term and joint work 
among researchers from universities, research institutes, and 
national operational networks in Benin, Niger, Mali, Senegal, 
and France. They work together to produce quality-controlled 
datasets. The data acquisition instruments are generally isolated 
and need electric autonomy. Their data are regularly collected 
by the technical teams and transmitted to the scientific princi-
pal investigator of the dataset. The principal investigators are 
responsible for calibration, quality check, and annual transmission 
of the datasets to the database manager, who makes them avail-
able online at http://bd.amma-catch.org/. This portal includes 
a geographical interface that allows navigation across locations 
and datasets and retrieval of the metadata. It fosters data discov-
ery by describing the dataset with standardized metadata (ISO, 
2014; DataCite [https://www.datacite.org/]), and interoper-
ability with other information systems by implementing the 
Open Geospatial Consortium (OGC, http://www.opengeospa-
tial.org/) standard exchange protocols (Catalog Service for the 
Web [CSW, http://www.opengeospatial.org/standards/cat] and 
Sensor Observation Service [SOS, http://www.opengeospatial.
org/standards/sos]). Soil moisture data are also available from the 
International Soil Moisture Network portal (Dorigo et al., 2011), 
and some of the surface flux data are part of the FLUXNET global 
network of micrometeorological tower sites (Falge et al., 2016). 
This deliberate open data policy is a contribution to the dissemi-
nation of climatic and environmental datasets, which is specially 
challenging in Africa (Dike et al, 2018). In 2017, 44% of the 
requests concerned soil moisture, 24% rainfall, 9% surface fluxes 
and surface waters, 8% meteorology, and 6% other data. The users 
come from all continents: 7% Africa, 47% Europe (10% France), 
33% North America, and 13% Asia.
All the AMMA-CATCH datasets are published under the 
Creative Common Attribution 4.0 International License (CC-BY 
4.0). For any publication using AMMA-CATCH data, depending 
on the contribution of the data to the scientific results obtained, 
data users should either propose co-authorship with the dataset 
principal investigators or at least acknowledge their contribution.
 6New Insights and 
Novel Scientific Findings
A major set of scientific advances from the AMMA-CATCH 
observatory was presented in 2009 in a special issue of the Journal 
of Hydrology (vol. 375; see Lebel et al., 2009). This section summa-
rizes the main recent insights gained from the AMMA-CATCH 
observatory, making a synthesis for each of the three research 
axes: long-term dynamics, process studies, and meeting the needs 
of society.
Regional Long-Term Dynamics
Rainfall Intensification
At the beginning of the 1990s, scientists mainly focused on 
the causes (atmospheric and oceanic) and the impacts (hydrologi-
cal, agricultural, and food security) of the 1970s to 1980s drought. 
At that time, regional studies (Le Barbé and Lebel, 1997; Le Barbé 
et al., 2002) showed that the Sahel region could be considered as 
a unique entity that records a unique signature in terms of rain-
fall regime changes between the wet (1950–1969) and the dry 
(1970–1990) periods (Fig. 4): the mean annual rainfall decreased 
by roughly 200 mm (corresponding to 20–50% of the annual rain-
fall), mainly due to a decrease in the number of wet days and to a 
lesser extent to a decrease in wet-day intensity.
Since the beginning of the 1990s, the annual rainfall has 
increased slowly, marking the end of the Sahelian great drought. 
Behind this general statement, new aspects in the rainfall regime 
are hidden. In fact, as first observed by Lebel and Ali (2009), some 
contrast appeared between the western and the eastern Sahel 
(annual rainfall increased earlier in the east than in the west). 
This result was confirmed by Panthou et al. (2018), who analyzed 
more deeply the east–west contrast in terms of wet days (number 
and intensity), hydroclimatic intensity (Trenberth, 2011; Giorgi 
et al., 2011), and extreme events. The main result found is that 
the western Sahel experiences slight increases in both number and 
intensity of wet days (and thus annual rainfall). In contrast, the 
eastern Sahel is experiencing a slight increase in the number of 
wet days but a strong increase in wet-day intensity, particularly 
the most extremes. This strong intensification in the central and 
eastern Sahel was observed early in Mali by Frappart et al. (2009) 
and confirmed at the Sahelian scale (Panthou et al., 2014a; Sanogo 
et al., 2015). The standardized precipitation index for annual totals 
and annual maxima has followed a similar pattern since 1950 
(Fig. 4). The main difference between the two variables is that 
during the recent period (since 1990), the annual maxima index 
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has increased faster than annual totals. This is one of the expres-
sions of the recent intensification of the rainfall regime recorded 
in the region.
The recent study of Taylor et al. (2017) provided some insight 
into the atmospheric mechanisms that could explain this strong 
increase in extreme rainfalls. They found that the frequency of 
rainy systems (mesoscale convective systems) responsible for 
extreme rainfalls in the Sahel has dramatically increased. Different 
mechanisms (such as wind shear and Saharan dry air intrusion 
in the Sahelian mid-level atmospheric column), linked to the 
increase of Saharan temperature and the meridional temperature 
gradient (between the Guinean coast and the Sahara) seem to 
explain the increasing frequency of extreme mesoscale convective 
systems. Since the increasing meridional temperature gradient is 
a robust projection of global circulation models, they argue that 
the ongoing intensification in the Sahel is expected to continue in 
the coming decades.
These results provide a new vision of the evolution of the 
rainfall regime at the regional (Sahelian) scale. However, none of 
these studies have documented the evolution of fine-scale rainfall 
intensities, mainly due to method and data limitations. This issue 
is pressing in such a semiarid context where rainfall intensities at 
short timescales (sub-hourly) drive many surface processes (i.e., 
runoff, soil crusting, and erosion). Very novel results come from 
the AMMA-CATCH Niger network on that aspect. Despite its 
limited spatial extent and monitoring period, Panthou et al. (2018) 
showed that this network was able to record the subregional inten-
sification and found that the increase of sub-hourly intensities were 
similar (between 2 and 4% per decade) to the increase of daily 
intensities. This result is appreciable since detecting changes in 
sub-hourly intensities faces methodological issues (low signal/noise 
ratio), and long-term tipping bucket rain gauge data are very rare. 
These difficulties have been tackled thanks to the presence of a 
long-term and dense tipping bucket network, which provides qual-
ity-controlled series in a region that records a very strong signal of 
change. Note that such a detection of fine-scale rainfall change is 
quite unique in the literature.
Re-greening Sahel
The Sahelian vegetation has been shown to follow the precipi-
tation recovery after the major droughts of the 1970s and 1980s. A 
general “re-greening” has been observed during the 1981 to 2010 
period by satellite data (Fig. 5a, from Dardel et al., 2014b). The 
normalized difference vegetation index (NDVI) local trend is con-
firmed by in situ measurements of the herbaceous vegetation mass 
in Mali and Niger (Fig. 5b and 5c). Over the Gourma and more 
generally over the Sahel, tree cover tends to be stable or slightly 
increasing during 2000 to 2010 (Hiernaux et al., 2009a; Brandt 
et al., 2016a). However, the Sahelian re-greening is not uniform in 
space: in the Mali Gourma region, an increasing trend is observed 
(Fig. 5b), while the Fakara region in the Niger mesoscale site has 
witnessed a decrease in vegetation production (Fig. 5c). Moreover, 
even in some “re-greening” areas, vegetation degradation can 
occur at a small spatial scale, which is difficult to observe using 
coarse-resolution satellite data (Dardel et al., 2014a). A detailed 
study carried out on the Agoufou watershed in the Gourma region 
highlighted important changes in vegetation and soil properties 
between 1956 and 2011 (Gal et al., 2017). The most relevant 
changes concerned (i) the degradation of vegetation growing on 
shallow soils and tiger bush formations, and (ii) a marked evolu-
tion of soil properties, with shallow sandy sheets being eroded and 
giving place to impervious soils. Trichon et al. (2018) highlighted 
the persistent decline of tiger bush in the Gourma following the 
major droughts of the 1970s and 1980s. These land cover changes 
occurring at the local scale have important consequences on the 
hydrological system operating at a larger scale and are responsible 
for the spectacular increase in surface water and runoff in this 
region (see below). Regional spatial variability of Sahelian eco-
system production was derived from carbon f luxes at six eddy 
covariance stations across the Sahelian belt, including the four 
Fig. 4. Standardized precipitation indices (SPI) 
throughout 1950 to 2018 for the total annual 
(blue) and the annual maxima (red) over the 
Sahelian box (−2 E–5 W, 11–16 N) following 
the methodology developed by Panthou et al. 
(2014a).
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AMMA-CATCH stations in Niger and Mali. All sites were net 
sinks of atmospheric CO2, but gross primary productivity varia-
tions strongly affected the sink strength (Tagesson et al., 2016b).
Paradoxes and Contrasts of the Hydrological Cycle
Despite the long Sahelian drought period, a general increase 
in surface water was observed in different areas. This phenom-
enon is often referred to as the “Sahelian paradox.” An increase 
in the runoff coefficient on tributaries of major rivers in the Sahel 
has been reported since 1987 and synthesized by Descroix et al. 
(2012a) and Mahe et al. (2013). The annual runoff volume has 
shown a threefold or even a fourfold increase since the 1950s (e.g., 
the Dargol River, Fig. 6b), but at the same time the flow duration 
has been shortened (Descroix et al., 2012a).
A steady rise in the water table in Niger has also been observed 
since the 1950s (Leduc et al., 2001; Favreau et al., 2009; Nazoumou 
et al., 2016) (Fig. 6b) as a consequence of increased recharge by sur-
face waters concentrated in ponds and gullies (Massuel et al., 2011). 
The network of gullies and ponds has considerably developed during 
the past decades (Leblanc et al., 2008). An important increase in 
pond areas and surface runoff has also been observed in the Gourma 
region in Mali (Gardelle et al., 2010; Gal et al., 2016, 2017) (Fig. 6a). 
Moreover Robert et al. (2017) reported an increase in suspended sed-
iments in the Agoufou Lake during the 2000 to 2016 period, which 
is probably linked to increased erosion within the lake watershed.
The causes for the Sahelian paradox are still debated. For the 
Niger area, modifications of surface characteristics (soil crusting 
and erosion) due to the increase in cropping activities and/or land 
clearing and increased runoff over plateaus have been put forward 
as an explanation (Séguis et al., 2004; Leblanc et al., 2008; Amogu 
et al., 2015), while at the Malian pastoral site, where crops are very 
limited, the drought-induced vegetation degradation over shallow 
soils plays a crucial role on surface runoff modifications (Gal et al., 
2017; Trichon et al., 2018). At the same time, the Sahel is experi-
encing an intensification of extreme events, recently detected and 
quantified (Panthou et al., 2014a). More generally, the intensifi-
cation of precipitation favors groundwater replenishment in the 
tropics (Jasechko and Taylor, 2015). Nevertheless, the processes 
that transmit intense rainfall to groundwater systems and enhance 
the resilience of tropical groundwater storage in a warming world 
remain unclear. A water table rise subsequent to land clearing has 
been reported elsewhere in the world (Brown et al., 2005; Scanlon 
et al., 2006; Taylor et al., 2013). However, a more diverse com-
bination of processes, producing both diffuse and concentrated 
recharge, appears to be at play in the Sahel. The attribution of the 
increase in surface runoff and water table level to rain and/or to the 
modification of the land cover and their relative contributions is a 
question under discussion (Aich et al., 2015), being a major part of 
predicting the future evolution of the eco-hydrosystem (Roudier 
et al., 2014).
Fig. 5. (a) Global Inventory Monitoring and Modeling System (GIMMS) third generation normalized difference vegetation index (3g NDVI) trends 
from 1981 to 2011 over the Sahel region; temporal profiles of field observations of herbaceous mass over (b) the Mali Gourma region (blue rectangle) 
and (c) the Niger Fakara region (brown rectangle) (after Dardel et al., 2014b).
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In the Sudanian zone, runoff more classically decreases with 
rainfall. However, the relationship is not linear, and a 20% decrease 
in annual rainfall resulted in a much greater (>60%) decline in 
flows (Le Lay et al., 2007; Descroix et al., 2009; Peugeot et al., 
2011) (Fig. 6c), which can have significant consequences for human 
populations. Conversely, an increase in rainfall is amplified in the 
flows. Observations over the AMMA-CATCH eco-climatic gra-
dient highlighted the break between “Sahelian” behaviors, where 
an increase in flows despite the drought is observed, and “Sudano-
Guinean” behavior, where the decrease in flows is greater than that 
of rain (Descroix et al., 2009; Amogu et al., 2010).
The increase in Sahelian stream flows, observed since the 
beginning of the drought in West Africa, seems to be exacerbated 
by the modest rise in annual totals of rainfall since the mid-1990s 
and/or by the intensification of the precipitation regime. Since 
the middle of the decade 2001 to 2010, there has been an accel-
eration in the increase in volume of annual floods and an upsurge 
of f loods in West Africa (Descroix et al., 2012a; Sighomnou et 
al., 2013; Yira et al., 2016). These floods are causing increasing 
damage in West Africa. Human losses have increased by an order 
of magnitude since 1950 (Di Baldassarre et al., 2010). This is partly 
explained by demographic growth, particularly urban growth, 
Fig. 6. The hydrological response to global change since 1950 shows (a) an increase in the area of pools at the Malian pastoral site; (b) an increase in river 
runoff and a water table level rise at the Niger cultivated site; and (c) a co-fluctuation of rainfall and flow indices in the Upper Ouémé basin located in 
the Benin Sudanian area (modified from Le Lay et al., 2007; Gardelle et al., 2010; Descroix et al., 2012a; Nazoumou et al., 2016).
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which in turn induces a sharp increase in the vulnerability of 
societies. Therefore, flood forecasting is becoming an increasing 
priority for West African governments.
Process Studies
The Limits of Models with Global Parameterization
The expertise acquired on land processes in this region and 
the availability of in situ data motivated a specific model inter-
comparison exercise. The instrumentation deployed over the 
AMMA-CATCH mesosites in Mali, Niger and Benin provided 
specific data for (i) forcing the models and (ii) evaluating their 
capability to reproduce surface processes in this region. About 20 
state-of-the-art land-surface models participated to the AMMA 
Land-surface Model Intercomparison Project Phase 2 (ALMIP2), 
(Boone et al., 2009). Large differences regarding the partitioning 
of the water budget components as well as the energy variables 
were found among models over the Benin site (Fig. 7). Concerning 
water fluxes, runoff was found to be generally overestimated in 
the Ouémé watershed (Fig. 7) (Getirana et al., 2017), but also 
in endorheic areas of the Mali site (Grippa et al., 2017), where 
Hortonian runoff is the predominant mechanism. The soil 
description and parameterization have been pointed out as a major 
issue to address in order to better simulate water f luxes in this 
area. Concerning evapotranspiration, the multi-model average 
compared relatively well with observations over the three meso-
scale sites, although the spread among models remained important 
(Grippa et al., 2017). Over the Benin site, the actual evapotranspi-
ration was underestimated during the dry season, which is likely 
due to the underestimation of root extraction (see section below).
At a finer timescale, analysis of surface response - traced by 
the evaporative fraction - to rain events at the three sites, showed 
that the ALMIP models generally produce poorer results for the 
two drier sites (Mali and Niger). The recovery for vegetated condi-
tions is realistic, yet the response from bare soil is slower and more 
variable than observed (Lohou et al., 2014).
More generally, differences in the water and energy partition 
among different models were roughly the same over the three meso-
scale sites, indicating that the signature of model parameterizations 
and physics is predominant over the effect of the local atmospheric 
forcing as well as soil and surface properties in the simulations.
Evapotranspiration of the Main Vegetation Types
Evapotranspiration is the major term for water balance on the 
continents (65% on average) yet it is still very poorly documented, 
especially in Africa. In West Africa, by far the main sources of 
spatial variability in surface fluxes from a climatological perspec-
tive are the regional eco-climatic gradient and the local ecosystem 
type. Hence, the flux station network in the AMMA-CATCH 
observatory was designed to sample, with a manageable number of 
stations (eight), these two main variability sources. The climatol-
ogy of surface fluxes captured by this dataset allowed to analyze 
their basic drivers, including for instance the role of plant func-
tional types on evapotranspiration dynamics (Lohou et al., 2014, 
see section 7.2.1), as well as to validate or develop remote sensing 
techniques and large-scale models (Tagesson et al., 2017; Gal et al., 
2017; Diallo et al., 2017, see section 7.2.1). These two approaches 
provide ways to upscale observations regionally.
In Southern Sahel, during most of the year, evapotranspira-
tion appears to be water-limited, with the latent heat flux being 
tightly connected to variations in soil water and rainfall. Direct 
soil evaporation dominates vapor flux except during the core of the 
rainy season (Velluet et al., 2014). Depending on water availabil-
ity and vegetation needs, evapotranspiration preempts the energy 
available from surface forcing radiation, leading to very large 
seasonal and inter-annual variability in soil moisture and in deep 
percolation (Ramier et al., 2009). In Niger, vegetation development 
in fallow was found to depend more on rainfall distribution along 
the season than on its starting date. A quite opposite behavior was 
observed for crop cover (millet): the date of first rain appears as 
a principal factor of millet growth (Boulain et al., 2009a). On a 
seven-year period, mean annual evapotranspiration is found to 
represent ?82–85% of rainfall for the two systems, but with differ-
ent transpiration/total evapotranspiration ratio (?32% for fallow 
and ?40% for the millet field), and different seasonal distribution 
(Fig. 8). The remainder consists entirely of runoff for the fallow 
(15–17% of rainfall), whereas drainage and runoff represents 40 
Fig. 7. Annual water cycle main components, 
including storage, evapotranspiration (ET), 
measured runoff, and total runoff ) simulated 
by 12 land surface models (ALMIP2 experi-
ment) for the Upper Ouémé basin (Benin) 
Simulated total runoff can be compared with 
observed runoff (Qobs).
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to 60% of rainfall for the millet field (Velluet et al., 2014). For 
the dominant shrub species in Sahelian agrosystems (Guiera sen-
egalensis J.F. Gmel), sensitivity to drought was found significantly 
higher in mature shrubs than in resprouts from widespread yearly 
cuts, and suggested that this species is likely to be vulnerable to 
projected drought amplification (Issoufou et al., 2013).
In Northern Sahel, the magnitude of the seasonal cycle of the 
sensible heat, latent heat, and net radiation fluxes measured above 
the Agoufou grassland in Mali can be compared to the data from 
Niger (Tagesson et al., 2016b). The difference in latitude results 
in a shorter rainy season in Mali and the presence of shrubs in the 
fallow sites around Niamey, which have a longer leaf-out period 
than the annual grasses of the Agoufou grassland, where woody 
cover is 2% only (Timouk et al., 2009). The maximum daily evapo-
transpiration rate is observed for a flooded forest, which maintains 
losses in the order of 6 mm d−1 during the flood. In this lowly 
extended cover (?5% of the landscape), the annual evapotrans-
piration is more than twice the precipitation amount, indicating 
substantial water supply from the hillslope.
In the Beninese Sudanian site, the period when water is 
limited is reduced. During the rainy season, vegetation tran-
spiration is limited by available radiation (Mamadou et al., 
2014). Evapotranspiration is weakly but consistently higher in 
Bellefoungou woodlands than in cultivated areas (Mamadou et 
al., 2016). The main difference between the two vegetation types 
occurs in the dry season (Fig. 9) when crops are harvested but 
woodlands are still active (Seghieri et al., 2012). During the dry 
season, when soil water is exhausted in the first upper meter of 
soil, the deeper roots of the trees allow them to transpire (Awessou 
et al., 2017), producing an annual difference in evapotranspira-
tion of about 20% (Mamadou et al., 2016). On the same sites, the 
observed carbon flux of the woodland is twice that of the crop 
(Ago et al., 2016). However, the impact of deforestation on the 
water cycle is a complex issue to be assessed because transpiration 
of a specific tree varies according to its environment in a woodland 
or in a fallow (Awessou et al., 2017).
Advances from Field Data–Process Model Integration
Observational shortcomings (including time gaps, measure-
ment representativeness, accuracy issues or even the inability to 
simply observe a given variable of interest) limit the field data 
potential for assessing energy and water budgets over time and space. 
Conversely, field data are crucial to elaborate or evaluate process 
models, the only tool allowing to assess unobserved components (soil 
evaporation, plant transpiration, drainage). Hence, various develop-
ments or applications of ecohydrological and hydrogeological process 
modeling were intricately constructed with AMMA-CATCH field 
data, of which only a few can be presented here.
To better characterize the complex rainfall input signal, a sto-
chastic, high spatial resolution rainfield generator, conditioned to 
gauge observations, was developed for the Sahelian context from 
the Niger site data (Vischel et al., 2009). Pertinence of this tool 
for the highly sensitive runoff modeling was evidenced. Peugeot 
et al. (2003) showed how an uncalibrated physically-based rain-
fall-runoff model can help to qualify and screen uncertain runoff 
measurements. Velluet et al. (2014) proposed a data-model integra-
tion approach based on a seven-year multivariable field dataset and 
the physically based soil-plant atmosphere SiSPAT model (Simple 
Soil-Plant-Atmosphere Transfer model, Braud et al., 1995). They 
estimate the long-term average annual energy and water budgets 
of dominant ecosystems (i.e. millet crop and fallow) in Central 
Sahel, with their seasonal cycles (Fig. 8). Results underlined 
the key role played in the hydrological cycle by the clearing of 
savannah that was observed these last decades at the scale of the 
agropastoral Sahel, especially for water storage in the root zone, 
deep infiltration and potentially differed groundwater recharge, 
as previously suggested by Ibrahim et al. (2014). This ecohydro-
logical modeling approach was also applied both to reconstruct 
past evolutions of the coupled energy and water cycles during the 
last 60 years (Boulain et al., 2009b; Leauthaud et al., 2017) and 
to explore their possible future changes (Leauthaud et al., 2015). 
In addition to these studies, constraining groundwater modeling 
with complementary geophysical inputs, in particular from MRS, 
Fig. 8. Estimated mean seasonal courses of water 
cycle components for fallow (solid lines) and mil-
let (dashed lines) plots: fluxes and rate of storage 
change in the 0- to 4-m soil column. Means are 
computed across years and for a 30-d running 
window. Light-colored intervals show a variation 
of ±1 standard estimation error (after Velluet et 
al., 2014).
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reevaluated mesoscale recharge from 6 mm yr−1 in the initial 
model to 23 mm yr−1 (Boucher et al., 2012).
On the other AMMA-CATCH mesosites, modeling stud-
ies supported by in situ measurements revealed that some specific 
areas, even of limited extent, can play an important role in the water 
cycle. In Mali, Gal et al. (2017) highlighted the role of bare soil areas 
on increasing runoff, even if they remain very localized. In Benin, 
Richard et al. (2013) simulated a hillslope water balance: water extrac-
tion by the riparian forest transpiration captured all the water drained 
by the slopes for its benefit. Thus the hillslope does not feed river 
flow, which is currently mainly supplied from waterlogged headwater 
wetlands or “bas-fonds” (Hector et al., 2018). Such waterlogged head-
water zones are very common in the region and are considered to 
play a major role in the hydrological regimes of Africa (Wood, 2006; 
Séguis et al., 2011). Although localized, it is of prime importance 
to take into account riparian forest and waterlogged head-water 
zones in the models. Moreover, Sudanian inland valleys carry an 
important agronomic potential for irrigation, largely underexploited 
(Rodenburg et al., 2014; Alfari et al., 2016). Facing the strong demo-
graphic rates, they are highly subject to undergo major land use–land 
cover changes that may thus drastically impact the hydrological cycle.
Society Applications
In the context of research on subjects such as “hydrosphere”, 
“critical zone” and “water cycle” in the Anthropocene, eminently 
societal questions arise, as water is a resource for human 
communities. This section attempts to make the transition 
from water as a physical object, to water as a resource, i.e. how it 
is actually used by people (as blue or green water). To do so it is 
necessary to integrate the idea that water resources are not only 
natural, but a nature/culture co-production. We present below 
the work carried out by the AMMA-CATCH observatory to 
contribute to these societal issues.
Characterization of the Rainfall Hazard
Flood hazard in West Africa is increasing (Descroix et al., 
2012a; Wilcox et al., 2018), as a result of various factors previously 
noted (demographic pressure, hydrological intensification). In 
addition, urbanization and demographic growth have made West 
Africa more vulnerable to hydrological hazards (Tschakert, 2007; 
Di Baldassarre et al., 2010; Tschakert et al., 2010). Characterizing 
extreme hydrological hazards is becoming an urgent request in 
order to design water related infrastructures (flood protection, 
dam, bridge, etc.).
Intensity–duration–frequency (IDF) curves and the areal 
reduction factor (ARF) aim at describing how extreme rainfall 
distribution changes across space and time scales. Both tools are 
regularly used for various applications (structure design, impact 
studies). As climate is changing, the hydrological standard in West 
Africa must be revised (Amani and Paturel, 2017).
The dense networks of tipping bucket rain gauges of the 
AMMA-CATCH sites, and the required methodological devel-
opments (Panthou et al., 2014b) allowed to implement tools such 
as IDF in different countries (see Panthou et al., 2014b for Niger; 
Agbazo et al., 2016 for Benin; Sane et al., 2017 for Senegal). The 
new IDF curves obtained for Niamey airport (Fig. 10a) have 
already been requested by different organisms and end-users. 
These curves have been obtained using the methods developed 
in Panthou et al.2014b and Sane et al. 2017. Nonetheless, IDF 
and other indexes are implemented using a stationary hypothesis, 
which is undermined by the recent results on the intensification 
of the rainfall regime. The 20-years return level for daily rainfall, 
estimated using the method developed by Panthou et al. (2012), 
which was 90 mm in 1970 is now rising to 105 mm (+17%, see 
Fig. 10b). Two consequences arise from this: (i) end-users must be 
aware of such changes and (ii) scientists must develop tools taking 
into account climate non-stationarity.
Groundwater Availability
Sustainable Development Goals such as SDG 6 for “clean and 
accessible water” suggest that the mere presence of water in the 
subsoil is a necessary but not sufficient condition to achieve this 
goal (Mertz et al., 2011).
Reducing the rate of unsuccessfully drilled boreholes 
into hard rock aquifers in Benin: In the past several decades, 
thousands of boreholes have been drilled in hard rocks of Benin 
Fig. 9. Midday evaporative fraction (EF) at Nalohou cultivated area (gray dots) and Bellefoungou woodland (black dots) in Benin during 2008 to 2010 
(modified from Mamadou et al., 2016).
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to supply human communities with drinking water. However, the 
access to drinking water is still poor and it not improved signifi-
cantly in the last years (e.g. 63% in 2012 and 67% in 2015) despite 
a great effort put into drilling new boreholes by the community 
in charge of water development.
The groundwater storage in the upper Ouémé is 440 mm ± 
70 mm equivalent water thickness (Vouillamoz et al., 2015). As 
human abstraction (0.34 mm yr−1 ± 0.07 mm) is far less than the 
natural discharge (108 mm yr−1 ± 58 mm), they conclude that 
increased abstraction due to population growth will probably 
have a limited impact on storage as far as water is used only for 
drinking and domestic uses. However, people have limited access 
to groundwater because a significant number of drilled holes do 
not deliver enough water to be equipped with a pump and hence 
are abandoned (i.e. 40% on average in Benin). This high rate of 
drilling failure is mainly due to the difficulty of determining 
the appropriate location to sit the drilling, because of the high 
geological heterogeneity of the hard rock. Recent studies (Alle et 
al., 2018) showed that the approach currently used in Benin to 
sit boreholes is not appropriate and can partly explain the high 
number of drilling failures. The target to sit a borehole should 
be updated (i.e. from tectonic fractures to weathered units) and 
the methods used to investigate the targets should be changed 
(i.e., one-dimensional resistivity techniques should be replaced by 
two-dimensional ERT). Moreover, this new approach could save 
money by reducing the number of unsuccessful drillings, even if 
it improves the success rate by only 5%. This promising approach 
is already taught in universities and hopefully will soon be applied 
by companies that drill wells.
Taking advantage of the water table rise in Niger: In 
Sahelian countries, the development of irrigated agriculture is 
one of the solutions to avoid repetitive food crises. Nazoumou 
et al. (2016) demonstrated that increasing low-cost groundwater 
irrigation represents a long-term solution, using shallow, uncon-
fined perennial groundwater, widely distributed in this region. 
The long-term rise of the water table observed in southwestern 
Niger since the 1950s (see above) is such that it outcrops in certain 
places and is close to the surface in large areas (Torou et al., 2013). 
Data analysis of AMMA-CATCH observatory and operational 
services (Nazoumou et al., 2016) demonstrates that ?50,000 to 
160,000 ha (3–9% of present-day cultivated areas) could be turned 
into small irrigated fields using accessible shallow groundwater 
(water table depth £20 m). A map of the potential irrigable lands 
as a function of the table depth has been established (Fig. 11) to 
help stakeholders make decisions. The estimated regional capacity 
for small-scale irrigation, usually estimated with surface water, is 
doubled if groundwater resources are also considered.
Sustainable Land Use
Evaluation of different soil and water conservation 
practices: An increase in runoff causes problematic erosion of 
cultivated slopes in Niger (Bouzou Moussa et al., 2011). In the 
framework of the AMMA-CATCH observatory, two soil and 
water conservation techniques, widespread in Niger (benches 
and subsoiling), have been set up and instrumented to quantify 
and analyze their impact on water flows (runoff and infiltration). 
The comparison of the runoff coefficients observed before (Malam 
Abdou et al., 2015) and after these layouts (Fig. 12) shows that the 
benches and subsoiling favor infiltration (the soil water content 
increased by a factor 3), and decreases the runoff coefficient (a 
drop from 45 to 10%), which results in a recovery of the vegetation 
cover in the areas with conservation works (Boubacar Na’Allah 
et al., 2017; Bouzou Moussa et al., 2017). However, the effect of 
subsoiling on the runoff coefficient is temporary, as observed for 
cultivated areas (Peugeot et al., 1997; Ndiaye et al., 2005; Malam 
Abdou et al., 2015), and must be restored regularly, while the 
effects of the benches are more durable.
To go further, a new type of soil and water conservation work 
was tested on the plateaus, starting in 2016. The principle is to 
copy the natural water harvesting of the tiger bush (Galle et al., 
1999), defended by many researchers (Ambouta, 1984; Torrekens 
et al., 1997; Seghieri and Galle, 1999). These experiments are still 
Fig. 10. Characterizing extreme hydrological hazards at Niamey (Ny) 
airport: (a) intensity–duration–area–frequency (IDF) curves for res-
olutions between 1 and 24 h, and (b) estimation of the daily rainfall 
return level for different 20-yr periods from 1950 to 2014; x is the 
shape parameter of the generalized extreme value (GEV) and h is the 
temporal scaling of the IDF curves.
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ongoing and the impact of these soil management practices will 
be assessed for the long term.
Joint evolution of forage and livestock production in the 
Sahel: Livestock production systems in the Sahel are mostly pas-
toral, i.e., animals are getting the bulk or all of their feed from 
grazing (Hiernaux et al., 2014). Sahel livestock graze on communal 
lands—rangelands, but also fallows, cropland with weeds, stub-
bles, and crop residues after harvest. The herbaceous and woody 
biomass monitored by the observatory was analyzed in terms of 
forage available for livestock. The short-term impact of heavy graz-
ing during the growing season can only reduce production very 
locally, at worst by half (Hiernaux et al., 2009b). In the longer 
term, grazing has little impact because the herbaceous species are 
annuals and seeds that will grow the following year are already dis-
persed (Hiernaux et al., 2016). Furthermore, livestock transform 
about half of their forage intake into manure, which stimulates 
vegetation production (Hanan et al., 1991; Rockström et al., 1999), 
tends to favor the density of germination (Miehe et al., 2010), and 
mitigates wind erosion (Pierre et al., 2018). Woody plants tend also 
to be denser at the edge of these concentration spots (Brandt et al., 
2016b). These processes explain how the vegetation of the pastoral 
areas has recovered from droughts, leading to the re-greening of 
the Sahel (see above).
The spatial heterogeneity in forage availability and annual 
production (Hiernaux et al., 2009b) justify the mobility of the 
herds as a major adaptation strategy of the pastoralists to opti-
mize livestock feed selection (Turner et al., 2014). Yet the rapid 
expansion of the cropped areas, the densification of roads and 
other infrastructures (dams), and the rapid urbaniza-
tion since the mid-20th century has strongly reduced 
the area of rangeland and multiplied the obstacles to 
livestock mobility both locally and regionally (Turner 
et al., 2014). It weakens livestock productivity, close 
to the limit of technical viability, especially in the less 
mobile agro-pastoralist herds (Lesnoff et al., 2012). 
The main way to enhance livestock production at the 
height of the rapidly growing demand is thus to secure 
herd mobility and access to common resources (Bonnet, 
2013).
 6Future Perspectives
West Africa as a whole is a region in transition, as 
highlighted by the reported changes—in the rainfall 
regime, the hydrological intensification, and in some 
ecosystem components. Climate change, indirect 
impacts of population growth (land use–land cover 
changes, urbanization, etc.), or a combination of both 
have been put forward to explain the observed eco-
hydrological changes in the last 60 yr. However, a clear, 
quantitative attribution of these changes to climate vs. 
the diverse human impacts largely remains to be uncov-
ered. Moreover, the eco-hydrological changes observed 
in the Sahel in the last decades (runoff intensification 
despite rainfall deficit, subsequent re-greening with still 
increasing runoff) suggest that some areas may pass tipping points 
and shift to new, ill-defined regimes. The West African monsoon 
system has been identified as a possible tipping element of the Earth 
system (Lenton et al., 2008). In this context, several key science ques-
tions will have to be addressed in the future, as described below.
Detection of Change in Eco-hydrological Systems
The term change as used here refers to any alteration of the 
forcing factors (e.g., rainfall or incident radiation) and of the 
system response (e.g., groundwater recharge) that is not due to 
natural variability. Since the signal/noise ratio in eco-hydro-mete-
orological series is generally low due to the internal variability of 
the climate (Hawkins and Sutton, 2009; Hawkins, 2011; Deser 
et al., 2012), change detection requires long-term observations at 
space–time scales consistent with the process to detect. Despite 
the relatively low spatial coverage compared with the regional West 
African system, AMMA-CATCH observations have proven their 
usefulness to detect such changes (e.g., for vegetation [Dardel et 
al., 2014b], for fine-scale rainfall intensities [Panthou et al., 2018], 
and for runoff [Amogu et al., 2015; Gal et al., 2016]). Indeed, 
these high-resolution observations from a few seconds to hours 
on dense networks fill a gap in measurements at fine space–time 
scales. Thus, AMMA-CATCH datasets contribute to the docu-
mentation of regional trends when combined with datasets from 
other observing systems, such as national measurement networks, 
which measure the same variables with similar sensors or by using 
other sources of data, such as remote sensing.
Fig. 11. Potential irrigable lands in the Niamey region (Niger) as function of the water 
table depth (after Nazoumou et al., 2016).
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Change Attribution
The attribution of a detected hydrological change to one 
or several factors requires causal models, which must take into 
account the most relevant processes influencing the system (Merz 
et al., 2012). These processes include the links between the differ-
ent components of the system (water tables, land cover, land use, 
etc.), as well as the main feedback loops driving vegetation–hydrol-
ogy processes. Irrespective of their nature, these models have to 
give “good results for good reasons” and be robust (i.e., remain 
valid across a range of different conditions). This implies that 
they must realistically represent the key processes based on either 
physical principles, process parameterizations, or a mixture of the 
two; moreover they must operate at the relevant spatiotemporal 
scales. These models must be able to simulate system trajectories 
in response to gradual changes in forcing, and disentangle the 
roles of forcing, initial conditions, and internal variability in the 
observed behavior. The development of modeling tools dedicated 
to the attribution question in eco-hydrology is clearly a challenge 
for the critical zone community in West Africa.
Improvement of Physical Process 
Representations in Land Surface Models
Some components of the energy and water budgets remain 
insufficiently understood across the area, such as the estimations 
of evapotranspiration, especially at scales larger than the flux sta-
tion footprint, the changes in groundwater processes (and hence 
of water resource renewal) linked to land use land cover changes, 
three-dimensional spatial variability of soil properties, and the 
mechanisms underlying rainfall intensification. Despite progress 
made in the last decade in Earth system models, some specific fea-
tures of the critical zone in these tropical hydro-systems are still 
poorly represented, leading to biases in simulations (e.g., ALMIP2 
results): surface–groundwater interactions and evapotranspi-
ration and its links with vegetation through the representation 
of the root zone. This is all the more true in view of the current 
developments of hyper-resolution modeling of the critical zone 
(Maxwell and Condon, 2016), which allows simulation on fine, 
three-dimensional grids but for which the identification of realistic 
parameter values remains an issue (Prentice et al., 2015).
A New Generation of Satellite Products
Recent and future satellite missions will provide new oppor-
tunities with improved spatial and temporal resolution (Sentinel, 
GPM, ECOSTRESS, SWOT, Planet/RapidEye) and/or address-
ing new variables of the eco-hydrosystems (vegetation fluorescence: 
FLEX; global mass of trees: BIOMASS). In situ observations such 
as those by AMMA-CATCH provide the basis for Cal/Val activi-
ties for these new satellite products but also a ground reference to 
evaluate the coherence of classical remote sensing products over 
a long time span (Hector et al., 2013; Dardel et al., 2014a). The 
AMMA-CATCH observations and community also contribute 
to the development of new satellite products, and the innovative 
potential of the soil-moisture-based rain product is now being 
tested on a global scale with European Space Agency funding 
(Román-Cascón et al., 2017).
In this context, the strategy of the AMMA-CATCH com-
munity is to maintain consistent and complete observations 
of the energy and water budget components and document the 
ecosystems’ evolution in the long term, with four main objectives: 
(i) improve and update the existing data series to provide to the 
community long-term (ideally >30 yr) high-resolution (ranging 
from minutes to days according to the needs) quality-controlled 
datasets; (ii) detect trends, transitions, and regime shifts; (iii) 
better understand and model the major processes at play in this 
region, and (iv) address societal issues concerning the green and 
blue water resource, its accessibility, and its sustainable manage-
ment in a region where the populations are highly vulnerable and 
rapidly growing.
An associated, crucial issue is to secure, in the long term, 
the funding of observation systems.  The location and geometry 
of AMMA-CATCH are unique but imply specific operation 
costs. The West African countries pledged to support climate 
and environmental monitoring in the Nationally Determined 
Contributions (NDCs) taken at COP21 in Paris, but the Green 
Fig. 12. The subsoiling installation drastically 
limits runoff in Tondi Kiboro, Niger (photo by 
A. Ingatan Warzatan and A. Boubacar Na’Allah).
VZJ | Advancing Critical Zone Science p. 19 of 24
Climate Fund is not yet in place, while the climatic and anthro-
pogenic changes are underway.
Acknowledgments
We would like to thank the project partners who consented to the use of their 
infrastructures and provided valuable information and advice. We are greatly in-
debted to the founder of the AMMA-CATCH observatory for his scientific vi-
sion, his energy, and his unwavering and ongoing involvement in the building of 
scientific communities. We especially thank the many other persons who were 
strongly involved in the early field development of the observatory, including in 
particular A. Afouda, A. Amani, O. Amogu, S. Boubkraoui, J-M. Bouchez, N. 
Boulain, C. Depraetere, J-C. Desconnets, M. Estèves, R. Gathelier, P. Gnahouis, 
A. Gohoungossou, M. Gréard, A. Hamissou, J. Kong, J-M. Lapetite, H. Laurent, 
J-P. Laurent, F. Lavenu, L. Le Barbé, C. Leduc, M. Le Lay, S. Massuel, B. Monteny, 
M. Rabanit, J-L. Rajot, D. Ramier, J. Robin, B. Seyni, F. Timouk and C. Valentin.
The AMMA-CATCH regional observing system (www.amma-catch.org) was 
set up thanks to an incentive funding of the French Ministry of Research that 
allowed pooling together various pre-existing small-scale observing setups. The 
continuity and long-term longevity of the measurements are made possible by 
undisrupted IRD funding since 1990 and by continuous CNRS-INSU funding 
since 2005. AMMA-CATCH also received support from OSUG, OREME, OMP, 
OSUG@2020 LabEx, SOERE RBV, and CRITEX EquipEx (Grant no. ANR-11-
EQPX-0011). All the observations are available through the AMMA-CATCH 
database portal (http://bd.amma-catch.org).
References
Abdi, A., N. Boke-Olén, D. Tenenbaum, T. Tagesson, B. Cappelaere, and 
J. Ardö. 2017. Evaluating water controls on vegetation growth in the 
semi-arid Sahel using field and earth observation data. Remote Sens. 
9(3):294. doi:10.3390/rs9030294
Agbazo, M.N., G. Koton’Gobi, B. Kounouhewa, E. Alamou, A. Afouda, and 
A. Akpo. 2016. Estimation of IDF curves of extreme rainfall by simple 
scaling in northern Oueme Valley, Benin Republic (West Africa). Earth 
Sci. Res. J. 20(1):D1–D7. doi:10.15446/esrj.v20n1.49405
Ago, E.E., E.K. Agbossou, J.-M. Cohard, S. Galle, and M. Aubinet. 2016. 
Response of CO2 fluxes and productivity to water availability in two 
contrasting ecosystems in northern Benin (West Africa). Ann. For. Sci. 
73:483–500. doi:10.1007/s13595-016-0542-9
Aich, V., S. Liersch, T. Vetter, J. Andersson, E. Müller, and F. Hattermann. 
2015. Climate or land use? Attribution of changes in river flooding in 
the Sahel zone. Water 7:2796–2820. doi:10.3390/w7062796
Alfari, I., E. Botoni, and A. Solé.  2016. Landscapes of West Africa: A window 
on a changing world. Comité Permanent Inter-états de Lutte contre la 
Sécheresse dans le Sahel (CILSS), Ouagadougou, Burkina Faso.
Alle, I.C., M. Descloitres, J.-M. Vouillamoz, N. Yalo, F.M.A. Lawson, and A.C. 
Adihou. 2018. Why 1D electrical resistivity techniques can result in 
inaccurate siting of boreholes in hard rock aquifers and why electrical 
resistivity tomography must be preferred: The example of Benin, West 
Africa. J. Afr. Earth Sci. 139:341–353. doi:10.1016/j.jafrearsci.2017.12.007
Amani, A., and J.-E. Paturel. 2017. Le projet de révision des normes 
hydrologiques en Afrique de l’Ouest et Afrique Centrale. Meteorologie 
96:6. doi:10.4267/2042/61964
Ambouta, K. 1984. Contribution à l’édaphologie de la brousse tigrée de 
l’Ouest Nigérien. Eng.D. diss. Ctr. Ped. Biol., Univ. Nancy I, Nancy, France.
Amogu, O., L. Descroix, K. Souley Yéro, E. Le Breton, I. Mamadou, A. Ali, 
et al. 2010. Increasing river flows in the Sahel? Water 2(2):170–199. 
doi:10.3390/w2020170
Amogu, O., M. Esteves, J.-P. Vandervaere, M. Malam Abdou, G. Pan-
thou, J.-L. Rajot, et al. 2015. Runoff evolution according to land 
use change in a small Sahelian catchment. Hydrol. Sci. J. 60:78–95. 
doi:10.1080/02626667.2014.885654
Awessou, K.G.B., C. Peugeot, A. Rocheteau, L. Seguis, F.C. Do, S. Galle, et al. 
2017. Differences in transpiration between a forest and an agrofor-
estry tree species in the Sudanian belt. Agrofor. Syst. 91:403–413. 
doi:10.1007/s10457-016-9937-8
Baup, F., E. Mougin, P. de Rosnay, P. Hiernaux, F. Frappart, P.L. Frison, et al. 
2011. Mapping surface soil moisture over the Gourma mesoscale site 
(Mali) by using ENVISAT ASAR data. Hydrol. Earth Syst. Sci. 15:603–616. 
doi:10.5194/hess-15-603-2011
Bello-Schünemann, J. 2017. Africa’s population boom: burden or op-
portunity? ISS Today, 15 May. https://issafrica.org/iss-today/africas-
population-boom-burden-or-opportunity.
Biancamaria, S., D.P. Lettenmaier, and T.M. Pavelsky. 2016. The SWOT mis-
sion and its capabilities for land hydrology. Surv. Geophys. 37:307–337. 
doi:10.1007/s10712-015-9346-y
Bonnet, B. 2013. Vulnérabilité pastorale et politiques publiques de sécuri-
sation de la mobilité pastorale au Sahel. Mondes Dev. 164(4):71–91. 
doi:10.3917/med.164.0071
Bony, S., G. Bellon, D. Klocke, S. Sherwood, S. Fermepin, and S. Denvil. 
2013. Robust direct effect of carbon dioxide on tropical circulation 
and regional precipitation. Nat. Geosci. 6:447–451 [addendum: 7:547]. 
doi:10.1038/ngeo1799
Boone, A., A.C.V. Getirana, J. Demarty, B. Cappelaere, S. Galle, M. Grippa, 
et al. 2009. The African Monsoon Multidisciplinary Analyses (AMMA) 
Land Surface Model Intercomparison Project Phase 2 (ALMIP2). 
GEWEX News 19(4):9–10.
Boubacar Na’Allah, A., M. Malam Abdou, A. Ingatan Warzagan, I. Mamadou, 
O. Faran Maiga, I. Bouzou Moussa, and L. Descroix. 2017. Efficacité du 
sous-solage dans la restauration des sols sahéliens degrades: Étude 
expérimentale sur le site de Tondi Kiboro, Niger. Afr. Sci. 13(6):189–201.
Boucher, M., G. Favreau, Y. Nazoumou, B. Cappelaere, S. Massuel, 
and A. Legchenko. 2012. Constraining groundwater modeling 
with magnetic resonance soundings. Ground Water 50:775–784. 
doi:10.1111/j.1745-6584.2011.00891.x
Boucher, M., G. Favreau, J.M. Vouillamoz, Y. Nazoumou, and A. Legchenko. 
2009. Estimating specific yield and transmissivity with magnetic 
resonance sounding in an unconfined sandstone aquifer (Niger). 
Hydrogeol. J. 17:1805–1815. doi:10.1007/s10040-009-0447-x
Boulain, N., B. Cappelaere, D. Ramier, H. Issoufou, O. Halilou, J. Seghieri, et 
al. 2009a. Towards an understanding of coupled physical and biologi-
cal processes in the cultivated Sahel: 2. Vegetation and carbon dynam-
ics. J. Hydrol. 375:190–203. doi:10.1016/j.jhydrol.2008.11.045
Boulain, N., B. Cappelaere, L. Séguis, G. Favreau, and J. Gignoux. 2009b. 
Water balance and vegetation change in the Sahel: A case study at 
the watershed scale with an eco-hydrological model. J. Arid Environ. 
73:1125–1135. doi:10.1016/j.jaridenv.2009.05.008
Bouzou Moussa, I., L. Descroix, O.F. Maiga, E. Gautier, M.M. Adamou, 
M. Esteves, et al. 2011. Les changements d’usage des sols et 
leurs conséquences hydrogéomorphologiques sur un bassin-
versant endoréique sahélien. Sci. Chang. Planet. Secher. 22:13–24. 
doi:10.1684/sec.2011.0297
Bouzou Moussa, I., O. Faran Maiga, M. Malam Abdou, M. Ibrahim, A. 
Ingatan Warzagan, A. Boubacar Na’Allah, et al. 2017. Résultats du suivi 
du ruissellement, de l’érosion et de la végétation sur le bassin versant 
de Tondi Kiboro (Observatoire AMMA-CATCH, Degré carré de Niamey, 
Niger). In: Séminaire d’échanges autour du suivi à long terme du cli-
mat et de l’environnement en zone sahélienne, Niamey, Niger. 19–20 
Oct. 2017. Inst. Rech. Dév., Marseille, France.
Brandt, M., P. Hiernaux, K. Rasmussen, C. Mbow, L. Kergoat, T. Tagesson, 
et al. 2016a. Assessing woody vegetation trends in Sahelian drylands 
using MODIS based seasonal metrics. Remote Sens. Environ. 183:215–
225. doi:10.1016/j.rse.2016.05.027
Brandt, M., P. Hiernaux, T. Tagesson, A. Verger, K. Rasmussen, A.A. Diouf, 
et al. 2016b. Woody plant cover estimation in drylands from Earth 
observation based seasonal metrics. Remote Sens. Environ. 172:28–38. 
doi:10.1016/j.rse.2015.10.036
Brantley, S.L., W.H. McDowell, W.E. Dietrich, T.S. White, P. Kumar, S.P. 
Anderson, et al. 2017. Designing a network of critical zone observato-
ries to explore the living skin of the terrestrial Earth. Earth Surf. Dyn. 
5:841–860. doi:10.5194/esurf-5-841-2017
Braud, I., A.C. Dantas-Antonino, M. Vauclin, J.L. Thony, and P. Ru-
elle. 1995. A simple soil–plant–atmosphere transfer model (SiS-
PAT) development and field verification. J. Hydrol. 166:213–250. 
doi:10.1016/0022-1694(94)05085-C
Brown, A.E., L. Zhang, T.A. McMahon, A.W. Western, and R.A. Vertessy. 2005. 
A review of paired catchment studies for determining changes in wa-
ter yield resulting from alterations in vegetation. J. Hydrol. 310:28–61. 
VZJ | Advancing Critical Zone Science p. 20 of 24
doi:10.1016/j.jhydrol.2004.12.010
Camacho, F., J. Cernicharo, R. Lacaze, F. Baret, and M. Weiss. 2013. GEOV1: 
LAI, FAPAR essential climate variables and FCOVER global time series 
capitalizing over existing products: 2. Validation and intercompari-
son with reference products. Remote Sens. Environ. 137:310–329. 
doi:10.1016/j.rse.2013.02.030
Cappelaere, B., L. Descroix, T. Lebel, N. Boulain, D. Ramier, J. Laurent, et 
al. 2009. The AMMA-CATCH experiment in the cultivated Sahelian 
area of south-west Niger: Investigating water cycle response to a 
fluctuating climate and changing environment. J. Hydrol. 375:34–51. 
doi:10.1016/j.jhydrol.2009.06.021
Cawse-Nicholson, K., J. Fisher, and A. Wang. 2017. ECOSTRESS calibra-
tion and validation. NASA Jet Propulsion Lab., Pasadena, CA. https://
ecostress.jpl.nasa.gov/downloads/science_team_meetings/2017/
day2/1_ECOSTRESS_calval.pdf.
Colliander, A., T.J. Jackson, R. Bindlish, S. Chan, N. Das, S.B. Kim, et 
al. 2017. Validation of SMAP surface soil moisture products 
with core validation sites. Remote Sens. Environ. 191:215–231. 
doi:10.1016/j.rse.2017.01.021
Dardel, C., L. Kergoat, P. Hiernaux, M. Grippa, E. Mougin, P. Ciais, and C.-C. 
Nguyen. 2014a. Rain-use-efficiency: What it tells us about the conflict-
ing Sahel greening and Sahelian paradox. Remote Sens. 6:3446–3474. 
doi:10.3390/rs6043446
Dardel, C., L. Kergoat, P. Hiernaux, E. Mougin, M. Grippa, and C.J. Tucker. 
2014b. Re-greening Sahel: 30 years of remote sensing data and 
field observations (Mali, Niger). Remote Sens. Environ. 140:350–364. 
doi:10.1016/j.rse.2013.09.011
Delon, C., C. Galy-Lacaux, D. Serça, B. Loubet, N. Camara, E. Gardrat, et al. 
2017. Soil and vegetation–atmosphere exchange of NO, NH3, and N2O 
from field measurements in a semi arid grazed ecosystem in Senegal. 
Atmos. Environ. 156:36–51. doi:10.1016/j.atmosenv.2017.02.024
Descroix, L., P. Genthon, O. Amogu, J.-L. Rajot, D. Sighomnou, and M. Vau-
clin. 2012a. Change in Sahelian rivers hydrograph: The case of recent 
red floods of the Niger River in the Niamey region. Global Planet. 
Change 98–99:18–30. doi:10.1016/j.gloplacha.2012.07.009
Descroix, L., J.-P. Laurent, M. Vauclin, O. Amogu, S. Boubkraoui, B. 
Ibrahim, et al. 2012b. Experimental evidence of deep infiltration 
under sandy flats and gullies in the Sahel. J. Hydrol. 424–425:1–15. 
doi:10.1016/j.jhydrol.2011.11.019
Descroix, L., G. Mahé, T. Lebel, G. Favreau, S. Galle, E. Gautier, et al. 2009. 
Spatio-temporal variability of hydrological regimes around the bound-
aries between Sahelian and Sudanian areas of West Africa: A synthesis. 
J. Hydrol. 375:90–102. doi:10.1016/j.jhydrol.2008.12.012
Deser, C., R. Knutti, S. Solomon, and A.S. Phillips. 2012. Communication 
of the role of natural variability in future North American climate. Nat. 
Clim. Change 2:775–779. doi:10.1038/nclimate1562
Diallo, F.B., F. Hourdin, C. Rio, A.-K. Traore, L. Mellul, F. Guichard, and L. 
Kergoat. 2017. The surface energy budget computed at the grid-scale 
of a climate model challenged by station data in West Africa: GCM 
facing West Africa in situ data. J. Adv. Model. Earth Syst. 9:2710–2738. 
doi:10.1002/2017MS001081
Di Baldassarre, G., A. Montanari, H. Lins, D. Koutsoyiannis, L. Brandimarte, 
and G. Blöschl. 2010. Flood fatalities in Africa: From diagnosis to miti-
gation. Geophys. Res. Lett. 37:L22402. doi:10.1029/2010GL045467
Dike, V.N., M. Addi, H.A. Andang’o, B.F. Attig, R. Barimalala, U.J. Diasso, et 
al. 2018. Obstacles facing Africa’s young climate scientists. Nat. Clim. 
Change 8:447–449. doi:10.1038/s41558-018-0178-x
Direction Nationale de la Statistique et de l’Informatique. 2009. Recense-
ment Général de la Population et de l’Habitat. Ministère de l’Economie, 
du Plan et de l’Intégration, Mali. 
Dorigo, W.A., W. Wagner, R. Hohensinn, S. Hahn, C. Paulik, A. Xaver, et al. 
2011. The International Soil Moisture Network: A data hosting facility 
for global in situ soil moisture measurements. Hydrol. Earth Syst. Sci. 
15:1675–1698. doi:10.5194/hess-15-1675-2011
Eva, H.D., A. Brink, and D. Simonetti. 2006. Monitoring land cover dynam-
ics in sub-Saharan Africa: A pilot study using Earth observing satellite 
data from 1975 and 2000. EU Joint Res. Ctr., Ispra, Italy.
Ezzahar, J., A. Chehbouni, J. Hoedjes, D. Ramier, N. Boulain, S. 
Boubkraoui, et al. 2009. Combining scintillometer measurements 
and an aggregation scheme to estimate area-averaged latent 
heat flux during the AMMA experiment. J. Hydrol. 375:217–226. 
doi:10.1016/j.jhydrol.2009.01.010
Falge, E., M. Aubinet, P.S. Bakwin, D. Baldocchi, P. Berbigier, C. Bernhofer, et 
al. 2016. FLUXNET research network site characteristics, investigators, 
and bibliography. Oak Ridge Natl. Lab., Oak Ridge, TN. 
Fatras, C., F. Frappart, E. Mougin, M. Grippa, and P. Hiernaux. 2012. 
Estimating surface soil moisture over Sahel using ENVISAT radar 
altimetry. In: IEEE Geoscience and Remote Sensing Symposium, 
Munich, Germany. 22–27 July 2012. IEEE, New York. p. 1239–1242. 
doi:10.1109/IGARSS.2012.6351319
Faure, P., and B. Volkoff. 1998. Some factors affecting regional differ-
entiation of the soils in the Republic of Benin (West Africa). Catena 
32:281–306. doi:10.1016/S0341-8162(98)00038−1
Favreau, G., B. Cappelaere, S. Massuel, M. Leblanc, M. Boucher, N. Boulain, 
and C. Leduc. 2009. Land clearing, climate variability, and water re-
sources increase in semiarid southwest Niger: A review. Water Resour. 
Res. 45:W00A16. doi:10.1029/2007WR006785
Favreau, G., C. Leduc, C. Marlin, M. Dray, J.-D. Taupin, M. Massault, et 
al. 2002. Estimate of recharge of a rising water table in semi-
arid Niger from 3H and 14C modeling. Ground Water 40:144–151. 
doi:10.1111/j.1745-6584.2002.tb02499.x
Fensholt, R., I. Sandholt, and M.S. Rasmussen. 2004. Evaluation of MODIS 
LAI, fAPAR and the relation between fAPAR and NDVI in a semi-arid 
environment using in situ measurements. Remote Sens. Environ. 
91:490–507. doi:10.1016/j.rse.2004.04.009
Frappart, F., P. Hiernaux, F. Guichard, E. Mougin, L. Kergoat, M. Arjounin, et 
al. 2009. Rainfall regime across the Sahel band in the Gourma region, 
Mali. J. Hydrol. 375:128–142. doi:10.1016/j.jhydrol.2009.03.007
Gaillardet, J., I. Braud,  F. Hankard, S. Anquetin, O. Bour, N. Dorfliger, et 
al. 2018. OZCAR: the French network of critical zone observatories. 
Vadose Zone J. 17:180067. doi:10.2136/vzj2018.04.0067
Gal, L., M. Grippa, P. Hiernaux, C. Peugeot, E. Mougin, and L. Kergoat. 2016. 
Changes in lakes water volume and runoff over ungauged Sahelian 
watersheds. J. Hydrol. 540:1176–1188. doi:10.1016/j.jhydrol.2016.07.035
Gal, L., M. Grippa, P. Hiernaux, L. Pons, and L. Kergoat. 2017. The para-
doxical evolution of runoff in the pastoral Sahel: Analysis of the 
hydrological changes over the Agoufou watershed (Mali) us-
ing the KINEROS-2 model. Hydrol. Earth Syst. Sci. 21:4591–4613. 
doi:10.5194/hess-21-4591-2017
Galle, S., J.-P. Delhoume, and J. Brouwer. 2001. Soil water balance. Ecol. 
Stud. 149:77–104.
Galle, S., M. Ehrmann, and C. Peugeot. 1999. Water balance in a banded 
vegetation pattern: A case study of tiger bush in western Niger. Cat-
ena 37:197–216. doi:10.1016/S0341-8162(98)90060−1
García, M., I. Sandholt, P. Ceccato, M. Ridler, E. Mougin, L. Kergoat, et al. 
2013. Actual evapotranspiration in drylands derived from in-situ and 
satellite data: Assessing biophysical constraints. Remote Sens. Environ. 
131:103–118. doi:10.1016/j.rse.2012.12.016
Gardelle, J., P. Hiernaux, L. Kergoat, and M. Grippa. 2010. Less rain, more 
water in ponds: A remote sensing study of the dynamics of surface 
waters from 1950 to present in pastoral Sahel (Gourma region, Mali). 
Hydrol. Earth Syst. Sci. 14:309–324. doi:10.5194/hess-14-309-2010
Getirana, A., A. Boone, and C. Peugeot, and ALMIP2 Working Group. 2017. 
Streamflows over a West African basin from the ALMIP2 model ensem-
ble. J. Hydrometeorol. 18:1831–1845. doi:10.1175/JHM-D-16-0233.1
Giorgi, F., E.-S. Im, E. Coppola, N.S. Diffenbaugh, X.J. Gao, L. Mariotti, and Y. 
Shi. 2011. Higher hydroclimatic intensity with global warming. J. Clim. 
24:5309–5324. doi:10.1175/2011JCLI3979.1
Gosset, M., M. Alcoba, R. Roca, S. Cloché, and G. Urbani. 2018. Evaluation 
of TAPEER daily estimates and other GPM era products against dense 
gauge networks in West Africa, analyzing ground reference uncer-
tainty. Q. J. R. Meteorol. Soc. (in press). doi:10.1002/qj.3335
Goutorbe, J.P., T. Lebel, A.J. Dolman, J.H.C. Gash, P. Kabat, Y.H. Kerr, et al. 
1997. An overview of HAPEX-Sahel: A study in climate and desertifica-
tion. J. Hydrol. 188–189:4–17. doi:10.1016/S0022-1694(96)03308-2
Grippa, M., L. Kergoat, A. Boone, C. Peugeot, J. Demarty, B. Cappelaere, et 
al. 2017. Modelling surface runoff and water fluxes over contrasted 
VZJ | Advancing Critical Zone Science p. 21 of 24
soils in pastoral Sahel: Evaluation of the ALMIP2 land surface models 
over the Gourma region in Mali. J. Hydrometeorol. 18:1847–1866. 
doi:10.1175/JHM-D-16-0170.1
Gruhier, C., P. de Rosnay, S. Hasenauer, T. Holmes, R. de Jeu, Y. Kerr, et al. 
2010. Soil moisture active and passive microwave products: intercom-
parison and evaluation over a Sahelian site. Hydrol. Earth Syst. Sci. 
14:141–156. doi:10.5194/hess-14-141-2010
Guichard, F., L. Kergoat, E. Mougin, F. Timouk, F. Baup, P. Hiernaux, and F. 
Lavenu. 2009. Surface thermodynamics and radiative budget in the 
Sahelian Gourma: Seasonal and diurnal cycles. J. Hydrol. 375:161–177. 
doi:10.1016/j.jhydrol.2008.09.007
Guilloteau, C., M. Gosset, C. Vignolles, M. Alcoba, Y.M. Tourre, and J.-P. 
Lacaux. 2014. Impacts of satellite-based rainfall products on predict-
ing spatial patterns of Rift Valley fever vectors. J. Hydrometeorol. 
15:1624–1635. doi:10.1175/JHM-D-13-0134.1
Guilloteau, C., R. Roca, and M. Gosset. 2016. A multiscale evaluation 
of the detection capabilities of high-resolution satellite precipita-
tion products in West Africa. J. Hydrometeorol. 17:2041–2059. 
doi:10.1175/JHM-D-15-0148.1
Guyot, A., J.-M. Cohard, S. Anquetin, and S. Galle. 2012. Long-term ob-
servations of turbulent fluxes over heterogeneous vegetation using 
scintillometry and additional observations: A contribution to AMMA 
under Sudano-Sahelian climate. Agric. For. Meteorol. 154–155:84–98. 
doi:10.1016/j.agrformet.2011.10.008
Guyot, A., J.-M. Cohard, S. Anquetin, S. Galle, and C.R. Lloyd. 2009. 
Combined analysis of energy and water balances to estimate latent 
heat flux of a Sudanian small catchment. J. Hydrol. 375:227–240. 
doi:10.1016/j.jhydrol.2008.12.027
Hanan, N.P., Y. Prevost, A. Diouf, and O. Diallo. 1991. Assessment of deserti-
fication around deep wells in the Sahel using satellite imagery. J. Appl. 
Ecol. 28:173–186. doi:10.2307/2404123
Hawkins, E. 2011. Our evolving climate: communicating the effects of 
climate variability. Weather 66(7):175–179. doi:10.1002/wea.761
Hawkins, E., and R. Sutton. 2009. The potential to narrow uncertainty in 
regional climate predictions. Bull. Am. Meteorol. Soc. 90:1095–1108. 
doi:10.1175/2009BAMS2607.1
Hector, B., J.-M. Cohard, L. Séguis, S. Galle, and C. Peugeot. 2018. 
Hydrological functioning of West-African inland valleys ex-
plored with a critical zone model. Hydrol. Earth Syst. Sci. Discuss. 
doi:10.5194/hess-2018-219
Hector, B., L. Séguis, J. Hinderer, J.-M. Cohard, M. Wubda, M. Descloitres, 
et al. 2015. Water storage changes as a marker for base flow genera-
tion processes in a tropical humid basement catchment (Benin): 
Insights from hybrid gravimetry. Water Resour. Res. 51:8331–8361. 
doi:10.1002/2014WR015773
Hector, B., L. Séguis, J. Hinderer, M. Descloitres, J.-M. Vouillamoz, M. Wubda, 
et al. 2013. Gravity effect of water storage changes in a weathered 
hard-rock aquifer in West Africa: Results from joint absolute gravity, 
hydrological monitoring and geophysical prospection. Geophys. J. Int. 
194:737–750. doi:10.1093/gji/ggt146
Hiernaux, P., C. Dardel, L. Kergoat, and E. Mougin. 2016. Desertification, ad-
aptation and resilience in the Sahel: Lessons from long term monitor-
ing of agro-ecosystems. In: R. Behnke and M. Mortimore, editors, The 
end of desertification? Disrupting environmental change in the dry-
lands. Springer, Berlin. p. 147–178. doi:10.1007/978-3-642-16014-1_6
Hiernaux, P., L. Diarra, V. Trichon, E. Mougin, N. Soumaguel, and F. Baup. 
2009a. Woody plant population dynamics in response to climate 
changes from 1984 to 2006 in Sahel (Gourma, Mali). J. Hydrol. 
375:103–113. doi:10.1016/j.jhydrol.2009.01.043
Hiernaux, P., M. Diawara, and F. Gangneron. 2014. Quelle accessibilité aux 
ressources pastorales du Sahel? Access to Sahelian grazing lands: How 
and for whom? Afr. Contemp. 249:21–35. doi:10.3917/afco.249.0021
Hiernaux, P., E. Mougin, L. Diarra, N. Soumaguel, F. Lavenu, Y. Tracol, and 
M. Diawara. 2009b. Sahelian rangeland response to changes in rainfall 
over two decades in the Gourma region, Mali. J. Hydrol. 375:114–127. 
doi:10.1016/j.jhydrol.2008.11.005
Hinderer, J., C. de Linage, J.-P. Boy, P. Gegout, F. Masson, Y. Rogis-
ter, et al. 2009. The GHYRAF (Gravity and Hydrology in Africa) 
experiment: Description and first results. J. Geodyn. 48:172–181. 
doi:10.1016/j.jog.2009.09.014
Hinderer, J., J. Pfeffer, M. Boucher, S. Nahmani, C.D. Linage, J.-P. Boy, 
et al. 2012. Land water storage changes from ground and space 
geodesy: First results from the GHYRAF (Gravity and Hydrol-
ogy in Africa) experiment. Pure Appl. Geophys. 169:1391–1410. 
doi:10.1007/s00024-011-0417-9
Hu, Y., and Q. Fu. 2007. Observed poleward expansion of the Had-
ley circulation since 1979. Atmos. Chem. Phys. 7:5229–5236. 
doi:10.5194/acp-7-5229-2007
Ibrahim, M., G. Favreau, B.R. Scanlon, J.L. Seidel, M. Le Coz, J. Demarty, 
and B. Cappelaere. 2014. Long-term increase in diffuse groundwater 
recharge following expansion of rainfed cultivation in the Sahel, West 
Africa. Hydrogeol. J. 22:1293–1305. doi:10.1007/s10040-014-1143-z
Institut National de la Statistique et de l’Analyse Economique du Bénin. 
2013. Recensement Général de la Population et de l’Habitation (RGPH-
4). Ministère du Plan et du Développement, République du Bénin.
IPCC. 2014. Climate change 2014: Synthesis report. Contribution of Work-
ing Groups I, II and III to the Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change. IPCC, Geneva, Switzerland.
ISO. 2014. ISO 19115-1: Geographic information—Metadata—Part 1: 
Fundamentals. ISO, Geneva, Switzerland. https://www.iso.org/stan-
dard/53798.html
Issoufou, H.B.-A., S. Delzon, J.-P. Laurent, M. Saâdou, A. Mahamane, B. Cap-
pelaere, et al. 2013. Change in water loss regulation after canopy clear-
cut of a dominant shrub in Sahelian agrosystems, Guiera senegalensis 
J.F. Gmel. Trees 27:1011–1022. doi:10.1007/s00468-013-0852-6
Jasechko, S., and R.G. Taylor. 2015. Intensive rainfall recharg-
es tropical groundwaters. Environ. Res. Lett. 10:124015. 
doi:10.1088/1748-9326/10/12/124015
Kamagaté, B., L. Séguis, G. Favreau, J.-L. Seidel, M. Descloitres, and P. Affa-
ton. 2007. Processus et bilan des flux hydriques d’un bassin versant de 
milieu tropical de socle au Bénin (Donga, haut Ouémé). C.R. Geosci. 
339:418–429. doi:10.1016/j.crte.2007.04.003
Kergoat, L., M. Grippa, A. Baille, L. Eymard, R. Lacaze, E. Mougin, et al. 2011. 
Remote sensing of the land surface during the African Monsoon 
Multidisciplinary Analysis (AMMA). Atmos. Sci. Lett. 12:129–134. 
doi:10.1002/asl.325
Kergoat, L., P. Hiernaux, C. Dardel, C. Pierre, F. Guichard, and A. Kal-
ilou. 2015. Dry-season vegetation mass and cover fraction from 
SWIR1.6 and SWIR2.1 band ratio: Ground-radiometer and MO-
DIS data in the Sahel. Int. J. Appl. Earth Obs. Geoinf. 39:56–64. 
doi:10.1016/j.jag.2015.02.011
Kirstetter, P.-E., N. Viltard, and M. Gosset. 2013. An error model for instan-
taneous satellite rainfall estimates: Evaluation of BRAIN-TMI over West 
Africa. Q. J. R. Meteorol. Soc. 139:894–911. doi:10.1002/qj.1964
Koster, R.D., P.A. Dirmeyer, Z.C. Guo, G. Bonan, E. Chan, P. Cox, et al. 2004. 
Regions of strong coupling between soil moisture and precipitation. 
Science 305:1138–1140. doi:10.1126/science.1100217
Lambin, E.F., S.A.L. D’haen, O. Mertz, J.Ø. Nielsen, and K. Rasmussen. 2014. 
Scenarios on future land changes in the West African Sahel. Geogr. 
Tidsskr.-Dan. J. Geogr. 114:76–83. doi:10.1080/00167223.2013.878229
Lambs, L., T. Moussa, R. Walcker, E. Mougin, M. Grippa, and G. Favreau. 
2017. Understanding the West Africa monsoon at its northern limit 
in Sahel: The Hombori site in Mali. Poster presented at: Functional 
Ecology and Environment (FEE) Conference, Toulouse, France. 11–12 
July 2017.
Leauthaud, C., B. Cappelaere, J. Demarty, F. Guichard, C. Velluet, L. Kergoat, 
et al. 2017. A 60-year reconstructed high-resolution local meteoro-
logical data set in central Sahel (1950–2009): Evaluation, analysis and 
application to land surface modelling. Int. J. Climatol. 37:2699–2718. 
doi:10.1002/joc.4874
Leauthaud, C., J. Demarty, B. Cappelaere, M. Grippa, L. Kergoat, C. Velluet, 
et al. 2015. Revisiting historical climatic signals to better explore the 
future: Prospects of water cycle changes in Central Sahel. Proc. Int. As-
soc. Hydrol. Sci. 371:195–201. doi:10.5194/piahs-371-195-2015
Le Barbé, L., G. Alé, B. Millet, H. Texier, Y. Borel, and R. Gualde. 1993. Les 
ressources en eaux superficielles de la République du Bénin. Edition 
de l’ORSTOM, Paris.
VZJ | Advancing Critical Zone Science p. 22 of 24
Le Barbé, L., and T. Lebel. 1997. Rainfall climatology of the HAPEX-Sahel 
region during the years 1950–1990. J. Hydrol. 188–189:43–73. 
doi:10.1016/S0022-1694(96)03154-X
Le Barbé, L., T. Lebel, and D. Tapsoba. 2002. Rainfall variabil-
ity in West Africa during the years 1950–90. J. Clim. 15:187–202. 
doi:10.1175/1520-0442(2002)015<0187:RVIWAD>2.0.CO;2
Lebel, T., and A. Ali. 2009. Recent trends in the central and west-
ern Sahel rainfall regime (1990–2007). J. Hydrol. 375:52–64. 
doi:10.1016/j.jhydrol.2008.11.030
Lebel, T., B. Cappelaere, S. Galle, N. Hanan, L. Kergoat, S. Levis, . 2009. 
AMMA-CATCH studies in the Sahelian region of West-Africa: An over-
view. J. Hydrol. 375:3–13. doi:10.1016/j.jhydrol.2009.03.020
Lebel, T., D.J. Parker, C. Flamant, H. Höller, J. Polcher, J.-L. Redelsperger, et 
al. 2011. The AMMA field campaigns: Accomplishments and lessons 
learned. Atmos. Sci. Lett. 12:123–128. doi:10.1002/asl.323
Leblanc, M.J., G. Favreau, S. Massuel, S.O. Tweed, M. Loireau, and 
B. Cappelaere. 2008. Land clearance and hydrological change 
in the Sahel: SW Niger. Global Planet. Change 61:135–150. 
doi:10.1016/j.gloplacha.2007.08.011
Leduc, C., G. Favreau, and P. Schroeter. 2001. Long-term rise in a Sahelian 
water-table: The continental terminal in south-west Niger. J. Hydrol. 
243:43–54. doi:10.1016/S0022-1694(00)00403-0
Legchenko, A., J.-M. Vouillamoz, F.M.A. Lawson, C. Alle, M. Descloitres, and 
M. Boucher. 2016. Interpretation of magnetic resonance measure-
ments in the varying Earth’s magnetic field. Geophysics 81(4):WB23–
WB31. doi:10.1190/geo2015-0474.1
Le Lay, M., S. Galle, G.M. Saulnier, and I. Braud. 2007. Exploring the rela-
tionship between hydroclimatic stationarity and rainfall–runoff model 
parameter stability: A case study in West Africa. Water Resour. Res. 
43:W07420. doi:10.1029/2006WR005257.
Lenton, T.M., H. Held, E. Kriegler, J.W. Hall, W. Lucht, S. Rahmstorf, and H.J. 
Schellnhuber. 2008. Tipping elements in the Earth’s climate system. 
Proc. Natl. Acad. Sci. 105:1786–1793. doi:10.1073/pnas.0705414105
Lesnoff, M., C. Corniaux, and P. Hiernaux. 2012. Sensitivity analy-
sis of the recovery dynamics of a cattle population follow-
ing drought in the Sahel region. Ecol. Modell. 232:28–39. 
doi:10.1016/j.ecolmodel.2012.02.018
Lohou, F., L. Kergoat, F. Guichard, A. Boone, B. Cappelaere, J.-M. Co-
hard, et al. 2014. Surface response to rain events throughout 
the West African monsoon. Atmos. Chem. Phys. 14:3883–3898. 
doi:10.5194/acp-14-3883-2014
Louvet, S., T. Pellarin, A. al Bitar, B. Cappelaere, S. Galle, M. Grippa, et 
al. 2015. SMOS soil moisture product evaluation over West-Africa 
from local to regional scale. Remote Sens. Environ. 156:383–394. 
doi:10.1016/j.rse.2014.10.005
Mahe, G., G. Lienou, L. Descroix, F. Bamba, J.E. Paturel, A. Laraque, et 
al. 2013. The rivers of Africa: Witness of climate change and hu-
man impact on the environment. Hydrol. Processes 27:2105–2114. 
doi:10.1002/hyp.9813
Malam Abdou, M., J.-P. Vandervaere, L. Descroix, I. Bouzou Moussa, O. 
Faran Maiga, S. Abdou, et al. 2015. Evolution temporelle de la con-
ductivité hydraulique d’un sol cultivé de l’Ouest du Niger. Biotechnol. 
Agron. Soc. Environ. 19:270–280.
Mamadou, O., J.M. Cohard, S. Galle, C.N. Awanou, A. Diedhiou, B. Kou-
nouhewa, and C. Peugeot. 2014. Energy fluxes and surface charac-
teristics over a cultivated area in Benin: Daily and seasonal dynamics. 
Hydrol. Earth Syst. Sci. 18:893–914. doi:10.5194/hess-18-893-2014
Mamadou, O., S. Galle, J.-M. Cohard, C. Peugeot, B. Kounouhewa, R. 
Biron, et al. 2016. Dynamics of water vapor and energy exchanges 
above two contrasting Sudanian climate ecosystems in northern 
Benin (West Africa). J. Geophys. Res. Atmos. 121:11269–11286. 
doi:10.1002/2016JD024749
Mande, T., N.C. Ceperley, G.G. Katul, S.W. Tyler, H. Yacouba, and M.B. 
Parlange. 2015. Suppressed convective rainfall by agricultural expan-
sion in southeastern Burkina Faso. Water Resour. Res. 51:5521–5530. 
doi:10.1002/2015WR017144
Mangiarotti, S., P. Mazzega, L. Jarlan, E. Mougin, F. Baup, and J. Demarty. 
2008. Evolutionary bi-objective optimization of a semi-arid vegetation 
dynamics model with NDVI and s0 satellite data. Remote Sens. Environ. 
112:1365–1380. doi:10.1016/j.rse.2007.03.030
Marshall, M., K. Tu, C. Funk, J. Michaelsen, P. Williams, C. Williams, et al. 
2013. Improving operational land surface model canopy evapotranspi-
ration in Africa using a direct remote sensing approach. Hydrol. Earth 
Syst. Sci. 17:1079–1091. doi:10.5194/hess-17-1079-2013
Massuel, S., B. Cappelaere, G. Favreau, C. Leduc, T. Lebel, and T. Vischel. 
2011. Integrated surface water–groundwater modelling in the context 
of increasing water reserves of a regional Sahelian aquifer. Hydrol. Sci. 
J. 56:1242–1264. doi:10.1080/02626667.2011.609171
Massuel, S., G. Favreau, M. Descloitres, Y. Le Troquer, Y. Albouy, and B. 
Cappelaere. 2006. Deep infiltration through a sandy alluvial fan in 
semiarid Niger inferred from electrical conductivity survey, vadose 
zone chemistry and hydrological modelling. Catena 67:105–118. 
doi:10.1016/j.catena.2006.02.009
Mathon, V., H. Laurent, and T. Lebel. 2002. Mesoscale convective 
system rainfall in the Sahel. J. Appl. Meteorol. 41:1081–1092. 
doi:10.1175/1520-0450(2002)041<1081:MCSRIT>2.0.CO;2
Maurer, V., N. Kalthoff, and L. Gantner. 2015. Predictability of convective 
precipitation for West Africa: Does the land surface influence ensem-
ble variability as much as the atmosphere? Atmos. Res. 157:91–107. 
doi:10.1016/j.atmosres.2015.01.016
Maxwell, R.M., and L.E. Condon. 2016. Connections between ground-
water flow and transpiration partitioning. Science 353:377–380. 
doi:10.1126/science.aaf7891
Mertz, O., C. Mbow, A. Reenberg, L. Genesio, E.F. Lambin, S. D’haen, et 
al. 2011. Adaptation strategies and climate vulnerability in the 
Sudano‐Sahelian region of West Africa. Atmos. Sci. Lett. 12:104–108. 
doi:10.1002/asl.314
Merz, B., S. Vorogushyn, S. Uhlemann, J. Delgado, and Y. Hundecha. 
2012. More efforts and scientific rigour are needed to attribute 
trends in flood time series. Hydrol. Earth Syst. Sci. 16:1379–1387. 
doi:10.5194/hess-16-1379-2012
Miehe, S., J. Kluge, H. Von Wehrden, and V. Retzer. 2010. Long-term degrada-
tion of Sahelian rangeland detected by 27 years of field study in Senegal. 
J. Appl. Ecol. 47:692–700. doi:10.1111/j.1365-2664.2010.01815.x
Morisette, J.T., F. Baret, J.L. Privette, R.B. Myneni, J.E. Nickeson, S. Gar-
rigues, et al. 2006. Validation of global moderate-resolution LAI 
products: A framework proposed within the CEOS land product 
validation subgroup. IEEE Trans. Geosci. Remote Sens. 44:1804–1817. 
doi:10.1109/TGRS.2006.872529
Mougin, E., V. Demarez, M. Diawara, P. Hiernaux, N. Soumaguel, and 
A. Berg. 2014. Estimation of LAI, fAPAR and fCover of Sahel range-
lands (Gourma, Mali). Agric. For. Meteorol. 198–199:155–167. 
doi:10.1016/j.agrformet.2014.08.006
Mougin, E., P. Hiernaux, L. Ada, M. Grippa, P. de Rosnay, F. Timouk, et 
al. 2009. The AMMA-CATCH Gourma observatory site in Mali: 
Relating climatic variations to changes in vegetation, surface 
hydrology, fluxes and natural resources. J. Hydrol. 375:14–33. 
doi:10.1016/j.jhydrol.2009.06.045
Nazoumou, Y., G. Favreau, M.M. Adamou, and I. Maïnassara. 2016. La petite 
irrigation par les eaux souterraines, une solution durable contre la 
pauvreté et les crises alimentaires au Niger? Cah. Agric. 25:15003. 
doi:10.1051/cagri/2016005
Ndiaye, B., M. Esteves, J.-P. Vandervaere, J.-M. Lapetite, and M. Vauclin. 
2005. Effect of rainfall and tillage direction on the evolution of surface 
crusts, soil hydraulic properties and runoff generation for a sandy 
loam soil. J. Hydrol. 307:294–311. doi:10.1016/j.jhydrol.2004.10.016
Nguyen, C.C. 2015. Dynamique, structure et production de la végétation 
du Gourma (Sahel, Mali) en relation avec les sols, l’occupation des sols 
et les systèmes hydriques : Étude de télédétection à haute et moy-
enne résolution. Ph.D. diss. Univ. Toulouse III–Paul Sabatier, Toulouse, 
France. http://thesesups.ups-tlse.fr/2899.
Office Béninois des Mines. 1984. Notice explicative de la carte géologique 
à 1/200 000 (Feuille Djougou-Parakou-Nikki). Ministry of Mines, Energy 
and Water, Cotonou, Benin.
Panthou, G., T. Lebel, T. Vischel, G. Quantin, Y. Sane, A. Ba, et al. 2018. 
Rainfall intensification in tropical semi-arid regions: The Sahelian case. 
Environ. Res. Lett. 13:064013. doi:10.1088/1748-9326/aac334
Panthou, G., T. Vischel, and T. Lebel. 2014a. Recent trends in the regime 
VZJ | Advancing Critical Zone Science p. 23 of 24
of extreme rainfall in the central Sahel. Int. J. Climatol. 34:3998–4006. 
doi:10.1002/joc.3984
Panthou, G., T. Vischel, T. Lebel, J. Blanchet, G. Quantin, and A. Ali. 2012. 
Extreme rainfall in West Africa: A regional modeling. Water Resour. Res. 
48:W08501. doi:10.1029/2012WR012052
Panthou, G., T. Vischel, T. Lebel, G. Quantin, and G. Molinié. 2014b. Char-
acterising the space–time structure of rainfall in the Sahel with a 
view to estimating IDAF curves. Hydrol. Earth Syst. Sci. 18:5093–5107. 
doi:10.5194/hess-18-5093-2014
Pellarin, T., A. Ali, F. Chopin, I. Jobard, and J.-C. Bergès. 2008. Using 
spaceborne surface soil moisture to constrain satellite precipita-
tion estimates over West Africa. Geophys. Res. Lett. 35:L02813. 
doi:10.1029/2007GL032243
Pellarin, T., S. Louvet, C. Gruhier, G. Quantin, and C. Legout. 2013. A simple 
and effective method for correcting soil moisture and precipita-
tion estimates using AMSR-E measurements. Remote Sens. Environ. 
136:28–36. doi:10.1016/j.rse.2013.04.011
Pellarin, T., T. Tran, J.-M. Cohard, S. Galle, J.-P. Laurent, P. de Rosnay, 
and T. Vischel. 2009. Soil moisture mapping over West Africa with 
a 30-min temporal resolution using AMSR-E observations and a 
satellite-based rainfall product. Hydrol. Earth Syst. Sci. 13:1887–1896. 
doi:10.5194/hess-13-1887-2009
Peugeot, C., B. Cappelaere, B.E. Vieux, L. Séguis, and A. Maia. 2003. Hydro-
logic process simulation of a semiarid, endoreic catchment in Sahelian 
West Niger: 1. Model-aided data analysis and screening. J. Hydrol. 
279:224–243. doi:10.1016/S0022-1694(03)00181-1
Peugeot, C., M. Esteves, S. Galle, J.L. Rajot, and J.P. Vandervaere. 1997. Run-
off generation processes: Results and analysis of field data collected 
at the east central supersite of the HAPEX-Sahel experiment. J. Hydrol. 
188–189:179–202. doi:10.1016/S0022-1694(96)03159-9
Peugeot, C., F. Guichard, O. Bock, D. Bouniol, M. Chong, A. Boone, et al. 
2011. Mesoscale water cycle within the West African monsoon. Atmos. 
Sci. Lett. 12:45–50. doi:10.1002/asl.309
Pfeffer, J., M. Boucher, J. Hinderer, G. Favreau, J. Boy, C. de Linage, et 
al. 2011. Local and global hydrological contributions to time‐vari-
able gravity in southwest Niger. Geophys. J. Int. 184:661–672. 
doi:10.1111/j.1365-246X.2010.04894.x
Pfeffer, J., C. Champollion, G. Favreau, B. Cappelaere, J. Hinderer, M. 
Boucher, et al. 2013. Evaluating surface and subsurface water stor-
age variations at small time and space scales from relative gravity 
measurements in semiarid Niger. Water Resour. Res. 49:3276–3291. 
doi:10.1002/wrcr.20235
Pierre, C., L. Kergoat, P. Hiernaux, C. Baron, G. Bergametti, J.-L. Rajot, et al. 
2018. Impact of agropastoral management on wind erosion in Sahe-
lian croplands. Land Degrad. Dev. 29:800–811. doi:10.1002/ldr.2783
Prentice, I.C., X. Liang, B.E. Medlyn, and Y.-P. Wang. 2015. Reliable, robust 
and realistic: The three R’s of next-generation land-surface modelling. 
Atmos. Chem. Phys. 15:5987–6005. doi:10.5194/acp-15-5987-2015
Ramier, D., N. Boulain, B. Cappelaere, F. Timouk, M. Rabanit, C. Lloyd, et al. 
2009. Towards an understanding of coupled physical and biologi-
cal processes in the cultivated Sahel: 1. Energy and water. J. Hydrol. 
375:204–216. doi:10.1016/j.jhydrol.2008.12.002
Redelsperger, J.-L., C.D. Thorncroft, A. Diedhiou, T. Lebel, D.J. Parker, and 
J. Polcher. 2006. African Monsoon Multidisciplinary Analysis: An inter-
national research project and field campaign. Bull. Am. Meteorol. Soc. 
87:1739–1746. doi:10.1175/BAMS-87-12-1739
Richard, A., S. Galle, M. Descloitres, J.-M. Cohard, J.-P. Vandervaere, L. Sé-
guis, and C. Peugeot. 2013. Interplay of riparian forest and groundwa-
ter in the hillslope hydrology of Sudanian West Africa (northern Benin). 
Hydrol. Earth Syst. Sci. 17:5079–5096. doi:10.5194/hess-17-5079-2013
Ridler, M.E., I. Sandholt, M. Butts, S. Lerer, E. Mougin, F. Timouk, et al. 
2012. Calibrating a soil–vegetation–atmosphere transfer model 
with remote sensing estimates of surface temperature and soil 
surface moisture in a semi arid environment. J. Hydrol. 436–437:1–12. 
doi:10.1016/j.jhydrol.2012.01.047
Rigaud, K.K., A. de Sherbinin, B. Jones, J. Bergmann, V. Clement, K. Ober, et 
al. 2018. Groundswell: Preparing for internal climate migration. World 
Bank, Washington, DC. doi:10.1596/29461
Robert, E., L. Kergoat, N. Soumaguel, S. Merlet, J.-M. Martinez, M. Diawara, 
and M. Grippa. 2017. Analysis of suspended particulate matter and 
its drivers in Sahelian ponds and lakes by remote sensing (Land-
sat and MODIS): Gourma region, Mali. Remote Sens. 9(12):1272. 
doi:10.3390/rs9121272
Roca, R., H. Brogniez, P. Chambon, O. Chomette, S. Cloché, M.E. Gosset, et 
al. 2015. The Megha-Tropiques mission: A review after three years in 
orbit. Front. Earth Sci. 3. doi:10.3389/feart.2015.00017
Rockström, J., J. Barron, J. Brouwer, S. Galle, and A. de Rouw. 1999. 
On-farm spatial and temporal variability of soil and water in 
pearl millet cultivation. Soil Sci. Soc. Am. J. 63:1308–1319. 
doi:10.2136/sssaj1999.6351308x
Rockström, J., J. Williams, G. Daily, A. Noble, N. Matthews, L. Gor-
don, et al. 2017. Sustainable intensification of agriculture for 
human prosperity and global sustainability. Ambio 46:4–17. 
doi:10.1007/s13280-016-0793-6
Rodenburg, J., S.J. Zwart, P. Kiepe, L.T. Narteh, W. Dogbe, and M.C.S. Wo-
pereis. 2014. Sustainable rice production in African inland valleys: Seiz-
ing regional potentials through local approaches. Agric. Syst. 123:1–11. 
doi:10.1016/j.agsy.2013.09.004
Román-Cascón, C., T. Pellarin, F. Gibon, L. Brocca, E. Cosme, W. Crow, et al. 
2017. Correcting satellite-based precipitation products through SMOS 
soil moisture data assimilation in two land-surface models of different 
complexity: API and SURFEX. Remote Sens. Environ. 200:295–310. 
doi:10.1016/j.rse.2017.08.022
Roudier, P., A. Ducharne, and L. Feyen. 2014. Climate change impacts on 
runoff in West Africa: A review. Hydrol. Earth Syst. Sci. 18:2789–2801. 
doi:10.5194/hess-18-2789-2014
Sane, Y., G. Panthou, A. Bodian, T. Vischel, T. Lebel, H. Dacosta, et 
al. 2018. Intensity–duration–frequency (IDF) rainfall curves 
in Senegal. Nat. Hazards Earth Syst. Sci. 18:1849–1866. 
doi:10.5194/nhess-18-1849-2018
Sanogo, S., A.H. Fink, J.A. Omotosho, A. Ba, R. Redl, and V. Ermert. 2015. 
Spatio-temporal characteristics of the recent rainfall recovery in West 
Africa. Int. J. Climatol. 35:4589–4605. doi:10.1002/joc.4309
Scanlon, B.R., K.E. Keese, A.L. Flint, L.E. Flint, C.B. Gaye, W.M. Edmunds, 
and I. Simmers. 2006. Global synthesis of groundwater recharge 
in semiarid and arid regions. Hydrol. Processes 20:3335–3370. 
doi:10.1002/hyp.6335
Seghieri, J., F.C. Do, J.-L. Devineau, and A. Fournier. 2012. Phenology of 
woody species along the climatic gradient in west tropical Africa. In: X. 
Zhang, editor, Phenology and climate change. InTechOpen, London. p. 
143–178. doi:10.5772/33729
Seghieri, J., and S. Galle. 1999. Run-on contribution to a Sahelian two-
phase mosaic system: Soil water regime and vegetation life cycles. 
Acta Oecol. 20:209–217. doi:10.1016/S1146-609X(99)80033-2
Séguis, L., B. Cappelaere, G. Milési, C. Peugeot, S. Massuel, and G. Favreau. 
2004. Simulated impacts of climate change and land-clearing on run-
off from a small Sahelian catchment. Hydrol. Processes 18:3401–3413. 
doi:10.1002/hyp.1503
Séguis, L., B. Kamagaté, G. Favreau, M. Descloitres, J.-L. Seidel, S. Galle, 
et al. 2011. Origins of streamflow in a crystalline basement catch-
ment in a sub-humid Sudanian zone: The Donga basin (Benin, West 
Africa): Inter-annual variability of water budget. J. Hydrol. 402:1–13. 
doi:10.1016/j.jhydrol.2011.01.054
Seidel, D.J., Q. Fu, W.J. Randel, and T.J. Reichler. 2008. Widening of 
the tropical belt in a changing climate. Nat. Geosci. 1:21–24. 
doi:10.1038/ngeo.2007.38
Sighomnou, D., L. Descroix, P. Genthon, G. Mahé, I.B. Moussa, E. Gautier, et 
al. 2013. The Niger River Niamey flood of 2012: The paroxysm of the 
Sahelian paradox? Sécheresse 24(1):3–13. doi:10.1684/sec.2013.0370
Sjöström, M., J. Ardö, A. Arneth, N. Boulain, B. Cappelaere, L. Eklundh, et 
al. 2011. Exploring the potential of MODIS EVI for modeling gross 
primary production across African ecosystems. Remote Sens. Environ. 
115:1081–1089. doi:10.1016/j.rse.2010.12.013
Sjöström, M., M. Zhao, S. Archibald, A. Arneth, B. Cappelaere, U. Falk, et 
al. 2013. Evaluation of MODIS gross primary productivity for Africa 
using eddy covariance data. Remote Sens. Environ. 131:275–286. 
doi:10.1016/j.rse.2012.12.023
Soti, V., C. Puech, D. Lo Seen, A. Bertran, C. Vignolles, B. Mondet, et al. 2010. 
VZJ | Advancing Critical Zone Science p. 24 of 24
The potential for remote sensing and hydrologic modelling to assess 
the spatio-temporal dynamics of ponds in the Ferlo region (Senegal). 
Hydrol. Earth Syst. Sci. 14:1449–1464. doi:10.5194/hess-14-1449-2010
Tagesson, T., J. Ardö, B. Cappelaere, L. Kergoat, A. Abdi, S. Horion, and R. 
Fensholt. 2017. Modelling spatial and temporal dynamics of gross 
primary production in the Sahel from Earth-observation-based 
photosynthetic capacity and quantum efficiency. Biogeosciences 
14:1333–1348. doi:10.5194/bg-14-1333-2017
Tagesson, T., J. Ardö, I. Guiro, F. Cropley, C. Mbow, S. Horion, et al. 2016a. 
Very high CO2 exchange fluxes at the peak of the rainy season in a 
West African grazed semi-arid savanna ecosystem. Geogr. Tidsskr.-Dan. 
J. Geogr. 116:93–109. doi:10.1080/00167223.2016.1178072
Tagesson, T., R. Fensholt, B. Cappelaere, E. Mougin, S. Horion, L. Ker-
goat, et al. 2016b. Spatiotemporal variability in carbon exchange 
fluxes across the Sahel. Agric. For. Meteorol. 226–227:108–118. 
doi:10.1016/j.agrformet.2016.05.013
Tanguy, M., A. Baille, M.M. Gonzalez-Real, C. Lloyd, B. Cappe-
laere, L. Kergoat, and J.-M. Cohard. 2012. A new parameterisa-
tion scheme of ground heat flux for land surface flux retrieval 
from remote sensing information. J. Hydrol. 454–455:113–122. 
doi:10.1016/j.jhydrol.2012.06.002
Taupin, J.-D., G. Gaultier, G. Favreau, C. Leduc, and C. Marlin. 2002. Vari-
abilité isotopique des précipitations sahéliennes à différentes échelles 
de temps à Niamey (Niger) entre 1992 et 1999: Implication climatique. 
C.R. Geosci. 334:43–50. doi:10.1016/S1631-0713(02)01702-9
Taylor, C.M., D. Belušić, F. Guichard, D.J. Parker, T. Vischel, O. Bock, et al. 
2017. Frequency of extreme Sahelian storms tripled since 1982 in 
satellite observations. Nature 544:475–478. doi:10.1038/nature22069
Taylor, C.M., A. Gounou, F. Guichard, P.P. Harris, R.J. Ellis, F. Couvreux, and 
M. De Kauwe. 2011. Frequency of Sahelian storm initiation enhanced 
over mesoscale soil-moisture patterns. Nat. Geosci. 4:430–433. 
doi:10.1038/ngeo1173
Taylor, R.G., B. Scanlon, P. Döll, M. Rodell, R. van Beek, Y. Wada, et al. 2013. 
Ground water and climate change. Nat. Clim. Change 3:322–329. 
doi:10.1038/nclimate1744
Timouk, F., L. Kergoat, E. Mougin, C. Lloyd, E. Ceschia, J. Cohard, et al. 2009. 
Response of surface energy balance to water regime and vegeta-
tion development in a Sahelian landscape. J. Hydrol. 375:178–189. 
doi:10.1016/j.jhydrol.2009.04.022
Toreti, A., P. Naveau, M. Zampieri, A. Schindler, E. Scoccimarro, E. Xoplaki, 
et al. 2013. Projections of global changes in precipitation extremes 
from Coupled Model Intercomparison Project Phase 5 models: 
CMIP5 precipitation extremes. Geophys. Res. Lett. 40:4887–4892. 
doi:10.1002/grl.50940
Torou, B.M., G. Favreau, B. Barbier, P. Pavelic, M. Illou, and F. Sidibé. 2013. 
Constraints and opportunities for groundwater irrigation arising from 
hydrologic shifts in the Iullemmeden Basin, south-western Niger. 
Water Int. 38:465–479. doi:10.1080/02508060.2013.817042
Torrekens, P., J. Brouwer, and P. Hiernaux. 1997. Evolution de la végétation 
spontanée sur plateaux latéritiques traités par des travaux anti-érosifs 
dans le département de Dosso (Niger). In: J.M. d’Herbès et al., editors, 
Fonctionnement et gestion des écosystèmes forestiers contractés 
sahéliens. John Libbey Eurotext, Paris. p. 105–118.
Trenberth, K. 2011. Changes in precipitation with climate change. Clim. 
Res. 47:123–138. doi:10.3354/cr00953
Trichon, V., P. Hiernaux, R. Walcker, and E. Mougin. 2018. The persistent de-
cline of patterned woody vegetation: The tiger bush in the context of 
the regional Sahel greening trend. Global Change Biol. 24:2633–2648. 
doi:10.1111/gcb.14059
Tschakert, P. 2007. Views from the vulnerable: Understanding climatic 
and other stressors in the Sahel. Global Environ. Change 17:381–396. 
doi:10.1016/j.gloenvcha.2006.11.008
Tschakert, P., R. Sagoe, G. Ofori-Darko, and S.N. Codjoe. 2010. Floods in the 
Sahel: An analysis of anomalies, memory, and anticipatory learning. 
Clim. Change 103:471–502. doi:10.1007/s10584-009-9776-y
Turner, M.D., J.G. McPeak, and A. Ayantunde. 2014. The role of livestock 
mobility in the livelihood strategies of rural peoples in semi-arid West 
Africa. Hum. Ecol. 42:231–247. doi:10.1007/s10745-013-9636-2
UN Department of Economic and Social Affairs. 2017. World population 
prospects: The 2017 revision. [Database.] UN Dep. of Econ. and Social 
Affairs, Population Div., New York. https://esa.un.org/unpd/wpp/ (ac-
cessed 16 July 2018).
Valentin, C., and J. d’Herbès. 1999. Niger tiger bush as a 
natural water harvesting system. Catena 37:231–256. 
doi:10.1016/S0341-8162(98)00061-7
Vandervaere, J.-P., C. Peugeot, M. Vauclin, R. Angulo Jaramillo, and T. 
Lebel. 1997. Estimating hydraulic conductivity of crusted soils using 
disc infiltrometers and minitensiometers. J. Hydrol. 188–189:203–223. 
doi:10.1016/S0022-1694(96)03160-5
Velluet, C., J. Demarty, B. Cappelaere, I. Braud, H.B.-A. Issoufou, N. 
Boulain, et al. 2014. Building a field- and model-based climatology 
of local water and energy cycles in the cultivated Sahel: Annual 
budgets and seasonality. Hydrol. Earth Syst. Sci. 18:5001–5024. 
doi:10.5194/hess-18-5001-2014
Verhoef, A., C. Ottlé, B. Cappelaere, T. Murray, S. Saux-Picart, M. Zribi, 
et al. 2012. Spatio-temporal surface soil heat flux estimates 
from satellite data: Results for the AMMA experiment at the 
Fakara (Niger) supersite. Agric. For. Meteorol. 154–155:55–66. 
doi:10.1016/j.agrformet.2011.08.003
Viltard, N., C. Burlaud, and C.D. Kummerow. 2006. Rain retrieval from TMI 
brightness temperature measurements using a TRMM PR-based data-
base. J. Appl. Meteorol. Climatol. 45:455–466. doi:10.1175/JAM2346.1
Vischel, T., T. Lebel, S. Massuel, and B. Cappelaere. 2009. Conditional 
simulation schemes of rain fields and their application to rain-
fall–runoff modeling studies in the Sahel. J. Hydrol. 375:273–286. 
doi:10.1016/j.jhydrol.2009.02.028
Voigt, A., and T.A. Shaw. 2015. Circulation response to warming shaped by 
radiative changes of clouds and water vapour. Nat. Geosci. 8:102–106. 
doi:10.1038/ngeo2345
Vouillamoz, J.M., G. Favreau, S. Massuel, M. Boucher, Y. Nazoumou, and 
A. Legchenko. 2008. Contribution of magnetic resonance sounding 
to aquifer characterization and recharge estimate in semiarid Niger. J. 
Appl. Geophys. 64:99–108. doi:10.1016/j.jappgeo.2007.12.006
Vouillamoz, J.M., F.M.A. Lawson, N. Yalo, and M. Descloitres. 2014. The use 
of magnetic resonance sounding for quantifying specific yield and 
transmissivity in hard rock aquifers: The example of Benin. J. Appl. 
Geophys. 107:16–24. doi:10.1016/j.jappgeo.2014.05.012
Vouillamoz, J.M., F.M.A. Lawson, N. Yalo, and M. Descloitres. 2015. 
Groundwater in hard rocks of Benin: Regional storage and 
buffer capacity in the face of change. J. Hydrol. 520:379–386. 
doi:10.1016/j.jhydrol.2014.11.024
White, F. 1983. The vegetation of Africa: A descriptive memoir to accompany 
the UNESCO/AETFAT/UNSO vegetation map of Africa. UNESCO, Paris.
Wilcox, C., T. Vischel, G. Panthou, A. Bodian, C. Cassé, G. Quantin, et al. 
2018. Trends in hydrological extremes in the Senegal and the Niger 
rivers. J. Hydrol. (in press).
Wolters, D., C.C. van Heerwaarden, J.V.-G. de Arellano, B. Cappelaere, and 
D. Ramier. 2010. Effects of soil moisture gradients on the path and the 
intensity of a West African squall line. Q. J. R. Meteorol. Soc. 136:2162–
2175. doi:10.1002/qj.712
Wood, A. 2006. Headwater wetlands in eastern and southern Africa. 
In: J. Krecek and M. Haigh, editors, Environmental role of wetlands 
in headwaters. Springer, Dordrecht, the Netherlands. p. 211–220. 
doi:10.1007/1-4020-4228-0_18
Wubda, M., M. Descloitres, N. Yalo, O. Ribolzi, J.M. Vouillamoz, M. Boukari, 
et al. 2017. Time-lapse electrical surveys to locate infiltration zones 
in weathered hard rock tropical areas. J. Appl. Geophys. 142:23–37. 
doi:10.1016/j.jappgeo.2017.01.027
Yira, Y., B. Diekkrüger, G. Steup, and A.Y. Bossa. 2016. Modeling land 
use change impacts on water resources in a tropical West Af-
rican catchment (Dano, Burkina Faso). J. Hydrol. 537:187–199. 
doi:10.1016/j.jhydrol.2016.03.052
